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Abstract 
It has been determined that inorganic semiconductor nanoparticles could 
potentially be used as a replacement for organic dyes in solar cells. A number 
of different candidate sensitisers have been prepared and characterised. 
Bi2S3 nanoparticles have been synthesised and deposited on tin oxide 
electrodes using an arrested precipitation technique, involving the reaction 
of bismuth iodide and H2S in the presence of a stabiliser. The size of the 
particles was found to decrease with increasing concentration of stabiliser. 
However, the size of the particles was determined to have little effect on the 
band gap and low incident photon to photocurrent efficiencies were observed 
in the photocurrent spectra. 
The heating of a heavy metal source with sulfur in oleylamine was used 
to prepare cadmium sulfide, ruthenium sulfide and copper sulfide. After dip 
coating the particles onto tin oxide electrodes, no photocurrent was observed. 
CdSe particles on tin oxide electrodes have been prepared in situ using 
the reaction between cadmium perchlorate and bis(trimethylsilyl)selenide. 
These particles were found to decrease in size with increasing reaction time 
in solution, which is the opposite of the expected outcome of this type of 
reaction. 
A `hot injection' technique was utilised in order to prepare PbS nanopar- 
titles. These particles where then heated in pyridine to produce pyridine 
coated particles. A decrease in size was observed upon pyridine exchange. 
PbS before and after pyridine exchange were drop coated on to Ti02 coated 
i 
tin oxide electrodes and their photoelectrochemical properties were studied. 
It was found that the pyridine exchanged particles exhibited an enhanced 
photocurrent compared to the non-exchanged particles. 
The above particles have been characterised using a variety of techniques, 
including UV-Vis absorption spectroscopy, transmission electron microscopy 
and photocurrent spectroscopy. The incident photon to current conversion 
efficiency has been discussed in terms of the factors that affect the electron 
transfer from the conduction band of the nanoparticles to the electrode. The 
suitability of these particles as sensitisers in solar cells has been determined. 
ii 
Acknowledgements 
First and foremost I would like to thank my supervisor, Dr Jason Riley, for 
all his patience, guidance and encouragement over the last three years. 
Thanks must also go to Liz Tull for answering my many questions at the 
start of my Ph. D. and Dan Marsh for his help with SEM and sorting out 
computer software. 
I would like to acknowledge Dr Sean Davis and Jon Jones for their assistance 
with TEM and Dr Keith Hallam for the XPS results. 
Many thanks go to my brother, Christopher Waggett, for allowing me to live 
in his house while I was writing and my parents for helping me keep going 
whenever I got stuck. 
Finally I would like to thank Dem, Rachel, Elodie, Min and the other mem- 
bers of the Electrochemistry Group for making my stay in Bristol an exciting 
and enjoyable time. 
111 
Author's Declaration 
I declare that the work in this dissertation was carried out in accordance 
with the regulations of the University of Bristol. The work is original except 
where indicated by special reference in the text and no part of the dissertation 
has been submitted for any other degree. 
Any views expressed in the dissertation are those of the author and in no 
way represent those of the University of Bristol. 
The dissertation has not been presented to any other University for ex- 





' ........................ Date: 17th June 2005 
iv 
Contents 
1 Introduction 1 
1.1 The Grätzel Cell .............. ...... ..... 
1 
1.1.1 The electrodes .... .... .... .... ..... .. 
3 
1.1.2 The dye ... . ..... ...... .... ..... .. 4 
1.1.3 The Ti02 film ........... ..... .... .. 6 
1.1.4 The electrolyte ...... ..... .... ....... 7 
1.2 Inorganic semiconductor nanoparticles ............ .8 
1.2.1 Electron transfer from semiconductor quantum dots .. 8 
1.2.2 Why use inorganic semiconductors as a replacement 
for the organic dye ... .... ...... .... ... 9 
1.2.3 Band Mining ........ ..... ... ....... 
12 
1.2.4 Proof of Concept ...... .... ....... .... 
17 
1.2.5 Possible Materials .... ..... ........ .... 
23 
1.2.6 Materials to be studied ........... ..... .. 
24 
2 Experimental 29 
2.1 Preparation of Ti02 Film .... ....... ...... . .. 
29 
2.2 UV-Vis Spectroscopy .... ... ........... ..... 
30 
V 
2.3 Electron Microscopy Methods . ........ ... . ..... 32 
2.4 Electrophoresis ...... . ... ... .... .... ..... 36 
2.5 Powder X-Ray Diffraction 
............ ........ 
39 
2.6 X-ray Photoelectron Spectroscopy ................ 40 
2.7 Photoelectrochemical Techniques . ... ... ...... ... 
43 
2.7.1 Photocurrent-Potential Curves ..... ......... 43 
2.7.2 Photocurrent Spectroscopy . .... ..... ...... 
44 
3 Bismuth Sulfide 48 
3.1 Introduction ........ ... .... .... .... ..... 
48 
3.1.1 Methods of Preparation ....... . ......... 48 
3.2 Preparation of Nanoparticles .... .... ..... ..... . 57 
3.2.1 Preparation by Arrested Precipitation (Method 1) ... 57 
3.2.2 Synthesis from Triphenylbismuth (Method 2) ..... 58 
3.3 Transmission Electron Microscopy . ...... .... ..... 58 
3.4 UV-Vis Spectroscopy . ...... . ...... .... .... . 62 
3.5 Electrophoresis .......................... 63 
3.6 Photocurrent-Potential Curves . .... .... .... .... . 64 
3.7 Photocurrent Spectroscopy .................... 
65 
3.8 Discussion ...... . ....... ...... ........ . 
66 
3.9 Summary . ......... ...... .... ...... ... 69 
4 Preparation of Cadmium Sulfide, Ruthenium Sulfide and 
Copper Sulfide Nanoparticles in Oleylamine 75 
4.1 Introduction ........... .... .... ...... ... 75 
vi 
4.1.1 Compounds to be prepared using the oleylamine method 76 
4.1.2 Ruthenium Sulfide ...... .............. 77 
4.1.3 Ruthenium Sulfide Syntheses .............. 77 
4.1.4 Copper Sulfide 
....... .... .... ....... 79 
4.1.5 Synthetic Methods for producing Copper (I) Sulfide .. 79 
4.2 Preparation of Nanoparticles ................... 82 
4.2.1 Preparation ........................ 82 
4.2.2 Deposition .......... .... .... . ..... . 
83 
4.3 Characterisation ....... ...... .... ........ . 
83 
4.3.1 UV-Vis Spectroscopy ........ ..... ...... 83 
4.3.2 Transmission Electron Microscopy 
. .... ..... .. 84 
4.3.3 Powder X-Ray Diffraction 
. ...... ......... 87 
4.3.4 XPS ............................ 88 
4.4 Photoelectrochemistry ... .... ...... ... ..... . 91 
4.4.1 Photocurrent Spectroscopy 
..... ... .... .... 91 
4.5 Discussion ...... ......... .......... ... 91 
4.6 Summary ....... ...... ....... .... ..... 95 
5 CdSe 98 
5.1 Introduction . .......... ..... . ... ..... ... 98 
5.1.1 Methods of Preparing CdSe .... .... ....... 98 
5.2 Preparation of Nanoparticles ........ ....... . ... 120 
5.3 Characterisation .... ....... .... .... .... ... 120 
5.3.1 UV-Vis Spectroscopy .......... ......... 120 
vii 
5.3.2 Transmission Electron Microscopy ..... .... . .. 121 
5.4 Photoelectrochemistry .... . .... .... .... . .... 
123 
5.4.1 Photocurrent Spectroscopy ....... . .... .... 
123 
5.5 Discussion ....... ..... ........ .... ..... 
124 
5.6 Summary .............. ...... .... ..... 
127 
6 Lead Sulfide 134 
6.1 Introduction .... ....... ...... ...... ..... 
134 
6.1.1 Synthetic Methods for the Preparation of Lead Sulfide 134 
6.2 Preparation of Nanoparticles .... ........ ...... . 
150 
6.2.1 Preparation ... ........ ...... ..... .. 
150 
6.2.2 Pyridine Exchange ... ...... . ... . .... .. 151 
6.2.3 Deposition .... ...... .... ....... .... 
151 
6.3 Characterisation ...... ......... .... ...... . 
151 
6.3.1 UV-Vis Spectroscopy .... ..... . ......... 
151 
6.3.2 Transmission Electron Microscopy . .... . ...... 153 
6.3.3 Scanning Electron Microscopy .......... .... 155 
6.3.4 Powder X-Ray Diffraction ..... ...... ..... 156 
6.4 Photoelectrochemistry .... ... .... .... .... ... 
157 
6.4.1 Photocurrent-Potential Curves . ............. 
157 
6.4.2 Photocurrent Spectroscopy . ............... 
159 
6.5 Discussion ......... . .... ...... ........ . 
160 
6.6 Summary ....... ... .... ..... . .... .... . 164 
7 Conclusions 170 
viii 
List of Figures 
1.1 Schematic of the dye sensitised solar cell. (1) tin oxide electrode, 
(2) high surface area semiconductor film, (3) organometallic dye, 
(4) redox electrolyte and (5) counter electrode. .......... 
2 
1.2 Schematic of the electron transfer processes involved in the Grätzel 
solar cell. Key: D=Dye, D* =electronically excited dye, D+=oxidised 
dye, R/R'=redox couple ...................... 3 
1.3 Excitation of an electron in the dye by the absorption of light. .. 4 
1.4 Chemical structures of (a) Ru(2,2'-bipyridyl-4,4'-dicarboxylic acid)2(µ- 
(CN)Ru(CN)(2,2'-bipyridine)2)2, (b) the N3 dye, (c) black ruthe- 
nium dye and (d) Coumarin based dye NKX-2677. ........ 6 
1.5 Schematic of the electron transfer processes involved in the semi- 
conductor nanoparticle sensitised solar cell ............. 9 
1.6 UV-Vis absorption spectra of a) coumarin based dye NKX-26776 
and b) CdS 14 .... ...... ..... ....... ...... 
11 
1.7 Absorption of a photon by a semiconductor. ........... 12 
ix 
1.8 Schematic of molecular orbitals for a single molecule, a nanoparti- 
cle and the bulk semiconductor (CB=conduction band, VB=valence 
band) . ............................... 13 
1.9 Calculated dependence of the band gap with radius of the particles 
for CdS particles .......................... 16 
1.10 A schematic of the charge transfer processes occurring in CdS 
coated electrode in electrolyte system. SS =a surface state, R 
= reduced form of the electrolyte hole scavenger, 0= oxidised 
form of the electrolyte hole scavenger, kt, kr, ke, kh and kb = the 
rate constants of trapping a hole in the surface state, recombi- 
nation, electron transfer, hole transfer and back electron transfer 
respectively29 ............................ 
20 
1.11 Positions of band edges for materials used in this study31; 32 25 
2.1 Schematic of the UV-Vis spectrometer ............... 30 
2.2 Schematic of a TEM. The controls and vacuum system lines are 
not shown 2............................. 32 
2.3 Schematic of a SEMI ........................ 33 
2.4 Schematic of the machine used for elemental analysis in the SEM 
and TEM machines 2........................ 35 
2.5 Schematic of the electrophoresis apparatus. 2. ........... 36 
2.6 Schematic of the powder X-ray difractometer3. ......... 39 
2.7 Schematic of an X-ray photoelectron spectrometers. ....... 
40 
2.8 Photoionisation, X-ray fluorescence and Auger processes 7. .... 
41 
X 
2.9 The electrochemical cell ....................... 
43 
2.10 Schematic of the apparatus used to measure the photocurrent- 
potential curves ........................... 44 
2.11 Schematic of the apparatus used to measure the photocurrent spec- 
tra. ................................ 45 
3.1 TEM images of samples a) Bi2S3 A and b) Bi2S3 B. ....... 59 
3.2 Size distribution of samples a) Bi2S3 A and b) Bi2S3 B. ..... 59 
3.3 Energy dispersive X-ray Spectrum of sample Bi2S3 A. ...... 
60 
3.4 TEM images of samples a) Bi2S3 C and b) Bi2S3 D. ....... 60 
3.5 Size distribution of samples a) Bi2S3 C and b) Bi2S3 D. ..... 61 
3.6 Energy dispersive X-ray Spectrum of sample Bi2S3 D. ...... 61 
3.7 UV-Vis Spectra of a) Bi2S3 A and b) Bi2S3 B. . .... ..... 62 
3.8 UV-Vis Spectra of the Bi2S3 C and Bi2S3 D samples. . ...... 63 
3.9 Photocurrent voltage curve of an electrode modified with Bi2S3 A 
nanoparticles. The potential was scanned from positive to negative 
potentials at a rate of 1 mV s'1 with the incident light chopped 
at 0.1 Hz .............................. 64 
3.10 Photocurrent spectra of a) Bi2S3 A and b) Bi2S3 B. ....... 65 
3.11 CdS and Bi2S3 semiconductor band gap dependence on particle 
size, calculated using the effective mass model of quantum confine- 
ment. e= 10.9, me = 0.68 and mh = 0.8 (-), 1.6 (" .) or 2.4(- - 
-) for Bi2S3. e=5.6, me = 0.19 and mh = 0.8 for CdS(" - "). ... 67 
xi 
3.12 A schematic of the charge transfer processes occurring in Bi2S3 
coated electrode in electrolyte system. SS =a surface state, R= 
reduced form of the electrolyte hole scavenger, 0= oxidised form 
of the electrolyte hole scavenger, kt, k,., kE, kh and kb = the rate 
constants of trapping a hole in the surface state, recombination, 
electron transfer, hole transfer and back electron transfer respec- 
tively ................................ 69 
4.1 Schematic of the formation of Cu2S particles on the inner wall 
of polyoxyethylene teoctylphenyl ether inverse micelles. POE = 
polyoxyethylene ........................... 81 
4.2 UV-Vis spectra of a) CdS, b) RuS and c) CuS nanoparticles. ... 83 
4.3 TEM images of a) CdS, b) RuS and c) CuS nanoparticles. .... 85 
4.4 Size distributions of a) CdS, b) RuS and c) CuS nanoparticles. .. 86 
4.5 Energy dispersive x-ray analysis spectra of a) CdS, b) RuS and c) 
CuS nanoparticles. ........................ 87 
4.6 Powder X-ray diffraction patterns of a) CdS, b) theoretical pattern 
for hexagonal CdS crystals found in the EVA analysis software, c) 
RuS and d) CuS nanoparticles ................... 88 
4.7 X-Ray photoelectron spectra a) before etch (i) complete scan and 
ii) scan over binding energy of 900 keV to 1000 keV) and b) after 
etch (i) complete scan and ii) scan over binding energy of 900 keV 
to 1000 keV) of CuS nanoparticles using Al X-ray source. ..... 89 
xii 
4.8 X-Ray photoelectron spectra a) before etch (i) complete scan and 
ii) scan over binding energy of 900 keV to 1000 keV) and b) after 
etch (i) complete scan and ii) scan over binding energy of 900 keV 
to 1000 keV) of CuS nanoparticles using Mg X-ray source. .... 90 
4.9 Photograph displaying visual comparisons of a) CdS, b) ruthenium 
sulfide and c) copper sulfide coated tin oxide electrodes with a clean 
tin oxide electrode, shown to the right of each coated electrode. . 94 
4.10 Schematic of the electron transfer process that is blocked if the 
conduction band of the nanoparticle is lower than the Fermi level 
of the tin oxide electrode ...................... 
95 
5.1 Proposed mechanism for the formation of CdSe hollow spheres19.105 
5.2 Schematic of the formation of CdSe hollow spheresls. ...... 106 
5.3 Schematic of the formation of CdSe in a 2-pyridylpolybutane poly- 
mer ................................. 
108 
5.4 UV-Vis spectra of CdSe nanoparticles after a reaction time of a) 2 
minutes and b) 1 hour. ...................... 121 
5.5 TEM images of CdSe nanoparticles after a reaction time of a) 2 
minutes and b) 1 hour. ...................... 
122 
5.6 Size distributions of CdSe nanoparticles after a reaction time of a) 
2 minutes and b) 1 hour. ..................... 123 
5.7 Energy dispersive X-ray analysis spectra of CdSe nanoparticles af- 
ter a reaction time of a) 2 minutes and b) 1 hour. ......... 123 
X111 
5.8 Photocurrent spectra of CdSe nanoparticles after a reaction time 
of a) 2 minutes and b) 1 hour obtained at 0V vs. AgjAgC113 mol 
dm-3 KC1 and using monochramatic light chopped at 17 Hz. ... 124 
5.9 Band gap of CdSe particles as a function of calculated CdSe par- 
ticle diameter ............................ 126 
5.10 A schematic of the charge transfer processes occurring in CdSe 
coated electrode in electrolyte system. SS =a surface state, R= 
reduced form of the electrolyte hole scavenger, 0= oxidised form 
of the electrolyte hole scavenger, kt, k, ke, kh and kb = the rate 
constants of trapping a hole in the surface state, recombination, 
electron transfer, hole transfer and back electron transfer respec- 
tively . ... ................ .... ........ 127 
6.1 Apparatus used in the preparation of lead sulfide nanoparticles. . 
150 
6.2 UV-Vis Spectra of PbS nanoparticles grown for 2.5,5,7.5 and 10 
minutes ............................... 152 
6.3 UV-Vis Spectra of a) non-exchanged and b) pyridine exchanged 
PbS nanoparticles. ........................ 
153 
6.4 TEM images of a) non-exchanged and b) pyridine exchanged PbS 
nanoparticles ............................ 154 
6.5 Size distributions of a) non-exchanged and b) pyridine exchanged 
PbS nanoparticles. ........................ 155 
6.6 EDAX Spectra of a) non-exchanged and b) pyridine exchanged 
PbS nanoparticles. ........................ 155 
xiv 
6.7 SEM images of non-exchanged PbS nanoparticles on a) tin oxide 
glass electrode and b) Ti02 coated tin oxide glass electrode.. ... 156 
6.8 SEM images of pyridine exchanged PbS nanoparticles on a) tin 
oxide glass electrode and b) Ti02 coated tin oxide glass electrode. 156 
6.9 Powder X-ray diffraction pattern of non-exchanged PbS particles 
that were grown for 5 minutes ................... 
157 
6.10 IN curves of a) non-exchanged and b) pyridine exchanged PbS 
nanoparticles on Ti02 coated tin oxide electrodes in a Na2SO3 
electrolyte buffered at pH 12 exposed to light from a Xenon arc 
lamp chopped at 0.1 Hz. iph = photocurrent. ........... 158 
6.11 The dependence of photocurrent, measured from the photocurrent 
transient peak heights in Fig. 6.10, on applied potential for a) non- 
exchanged and b) pyridine exchanged PbS nanoparticles on Ti02 
coated tin oxide electrodes in a Na2SO3 electrolyte buffered at pH 
12 exposed to light from a Xenon arc lamp chopped at 0.1 Hz. .. 159 
6.12 Photocurrent spectra of a) non-exchanged and b) pyridine ex- 
changed PbS nanoparticles obtained at -0.6 V vs. AglAgC113 mol 
dm-3 KCl and using monochromatic light chopped at 0.5 Hz. .. 160 
6.13 Schematic of electron transfer processes involved in the photocur- 
rent experiment ........................... 163 
xv 
List of Tables 
1.1 Absorption edge of example dyes .................. 
5 
1.2 Rate constants of charge transfer processes at a number of poten- 
tials 29 ................................ 
21 
1.3 Suitable materials for the sensitisation of Ti02. .......... 
24 
3.1 Average size of the nanorods produced in different solvents by Yu 
et al. 13; 14 .............................. 
51 
3.2 Summary of chemical bath preparations. N. B. Bi(N03)3 was used 
as the bismuth source in all the baths, the solvent used was wa- 
ter unless otherwise stated and the dashes represent unknown val- 
ues. DT = deposition temperature, EDTA=ethylenediamine tetra- 
acetic acid, TEA=triethanolamine .................. 
54 
4.1 Morphologies of copper (I) sulfide particles prepared by Lu et al. 
io; ii 
.... .......... .......... .... . .... 
80 
4.2 Quantities of chemicals used in the preparation of CdS, RuS and 
CuS nanoparticles. ........................ 
82 




4.4 Average particle diameter of cadmium sulfide, ruthenium sulfide 
and copper sulfide particles with the respective number of mea- 
surements used in the statistical analysis .............. 
85 
5.1 Estimated band gaps of CdSe particles ............... 
121 
5.2 Average particle diameter of CdSe nanoparticles after a reaction 
time of 2 minutes and 1 hour with the respective number of mea- 
surements used in the statistical analysis .............. 
122 
6.1 Band gaps and sizes of PbS particles as prepared by Joshi et al. 9.137 
6.2 Sizes of PbS particles as prepared by Zhao et al. 30. ........ 
143 
6.3 Estimated band gaps of PbS particles frown for 2.5,5,7.5 and 10 
minutes ............................... 
152 
6.4 Estimated band gaps of non-exchanged and pyridine exchanged 
PbS particles grown for 5 minutes ................. 
153 
6.5 Average particle diameter of PbS nanoparticles grown for 5 minutes 
before and after pyridine exchange with the respective number of 
measurements used in the statistical analysis. ........... 154 
xvii 
List of Chemicals 
Chemical Supplier Quality 
Titanium (IV)isopropoxide Aldrich 99.999 % 
Isopropanol Rathburn HPLC 
Glacial acetic acid Fisher Scientific 99 % 
Carbowax BDH - 
Na2SO3 Lancaster 98+ % 
NaOH Fisher Scientific 97 % 
NaHPO4 M&B 99% 
KOH Fisher Scientific 85 % 
Ethanol Rathburn HPLC 
Bi13 Aldrich 99 % 
H2S Aldrich 99.5 % 
3-mercaptopropionic acid Aldrich 99+ % 
Triphenylbismuth Aldrich 99 % 
Tetrahydrofuran (THF) Rathburn HPLC 
Oleylamine Acros 97 % 
Sulfur powder Aldrich 99.98 % 
CdN03.4H2O BDH 99 % 
RuC13 Aldrich - 
Cul Acros 98 % 
Hexane Rathburn HPLC 
xviii 
List of Chemicals Continued 
Chemical Supplier Quality 
3-mercaptopropyltrimethyl silane Lancaster 95 % 
Cd(C104)2 Aldrich 99.999 % 
bis(trimethylsilyl)selenide Acros 98 % 
Trioctyl phosphine Fluka 90 % 
PbO Aldrich 99.999 % 
1-octadecene Aldrich 90 % 
Oleic acid Aldrich 90 % 
Chloroform Rathburn HPLC 
Methanol Rathburn HPLC 




This thesis is concerned with the sensitisation of Ti02 with semiconductor 
quantum dots and the use of the resultant sensitised Ti02 in Grätzel Cells. 
Grätzel Cells and their mode of operation are discussed below. This is fol- 
lowed by an introduction to semiconductor quantum dots, with a discussion 
of how the particle size influences their properties. The advantages of using 
quantum dots over dyes, typically used as sensitisers in Grätzel Cells, are out- 
lined. Factors that may influence the utilisation of quantum dots in Grätzel 
Cells are discussed, particularly electron transfer between the quantum dot 
and the Ti02. 
1.1 The Grätzel Cell 
The first assembly and characterisation of a dye sensitised solar cell with a 
significant light to energy conversion efficiency was reported by Grätzel and 
O'Regan in 19911. The device, shown schematically in Fig. 1.1, consisted of 
1 
a tin oxide coated glass electrode (1), covered with a high surface area semi- 
conductor film (2), typically Ti02, which is sensitised with a monolayer of 
an organometallic dye (3), a redox electrolyte (4) and a tin oxide conducting 




Figure 1.1: Schematic of the dye sensitised solar cell. (1) tin oxide electrode, (2) 
high surface area semiconductor film, (3) organometallic dye, (4) redox electrolyte 
and (5) counter electrode. 
When the cell is exposed to light, a photon is absorbed by the dye, produc- 
ing an electronically excited dye molecule, D*, which then injects an electron 
from the dye into the conduction band of the Ti02, resulting in the forma- 
tion of an oxidised dye species, D+. The electron is then passed round an 
external circuit and reduces a redox species, R, at the counter electrode to 
form the reduced species, R-. The redox species then regenerates the dye 
via an electron transfer, thus completing the circuit and returning the dye 
2 









Te Load - 
Figure 1.2: Schematic of the electron transfer processes involved in the 
Grätzel solar cell. Key: D=Dye, D* =electronically excited dye, D+=oxidised dye, 
R/R'=redox couple. 
and the redox species to their original states. These processes are shown dia- 
grammatically in Fig. 1.2. Electrons can be lost by recombination in the dye 
and back electron transfer from the Ti02 film to the dye or the electrolyte. 
These losses are minimised if the rate of electron transfer from the dye to the 
electrode is faster than the rate of the electron loss mechanisms. The role of 
the individual components are discussed in more detail below. 
1.1.1 The electrodes 
Light must be able to travel through the cell in order for it to be absorbed by 
the dye. This requires the use of at least one transparent electrode, which pre- 
cludes the use of metal electrodes. A conducting tin oxide glass electrode is 
typically used as it is optically transparent to near infra-red and visible light. 
3 
1.1.2 The dye 
The dye in the Grätzel Cell is used to absorb light. When an organometallic 
dye is exposed to light, the dye absorbs a photon to become electronically 
excited by the promotion of an electron from an occupied molecular orbital to 
an unoccupied molecular orbital as shown in Fig. 1.3. As the solar spectrum 
Electronically excited dye 
by 
ground state of dye 
Figure 1.3: Excitation of an electron in the dye by the absorption of light. 
covers the range of wavelengths between 300 nm and 885 nm, the dye used 
must have good absorption properties over this range. A number of dyes have 
been developed for use in solar cells. The absorption edge, the wavelength 
at which a material starts to absorb, for a few efficient dyes is shown in 
Table. 1.11. The black ruthenium dye and its homologues are currently 
used to produce the most efficient dye sensitised solar cells with an efficiency 
under sunlight (AM 1.5) of 10.4 %. These dyes are generally produced by 
complex multistage syntheses involving refluxing in a number of stages over 
4 
Name of dye Absorption edge / nm 
Ru(2,2'-bipyridyl-4,4'-dicarboxylic acid)2(/1- 750 
(CN)Ru(CN) (2,2'-bipyridine)2)2 
cis-Di(thiocyanato)-N, N-bis(2,2'-bipyridyl- 780 
4,4'-dicarboxylic acid)-ruthenium(II) dihy- 
drate or N3 dye 
tri(thiocyanato)-(2,2', 2"-terpyridyl-4,4', 4"- 900 
tricarboxylate) Ru(II) or black ruthenium 
dye 
Coumaxin based dye NKX-2677 800 
Table 1.1: Absorption edge of example dyes. 
several days, rotary evaporation, sublimation under vacuum, precipitation 
of precursors at low temperature and reaction under argon. The absorption 
edge of the dye is determined by its chemical structure. A new dye has to be 
synthesised in order to change the absorption properties of the system. The 
chemical structures of the examples tabulated are shown in Fig. 1.4. These 
dyes degrade upon prolonged exposure to light reducing the efficiency of 
the cell over time. In the solar cell, the dye transfers an electron from its 
electronically excited state to the Ti02 film forming an oxidised species of 
the dye and therefore is also required to be in contact with the electrolyte in 






Figure 1.4: Chemical structures of (a) Ru(2,2'-bipyridyl-4,4'-dicarboxylic 
acid)2(µ-(CN)Ru(CN)(2,2'-bipyridine)2)2, (b) the N3 dye, (c) black ruthenium 
dye and (d) Coumaxin based dye NKX-2677. 
1.1.3 The Ti02 film 
A Ti02 film is employed in order to support the dye and transfer electrons 
from an electronically excited dye molecule to the conducting tin oxide elec- 
trode. In order to optimise the amount of light absorbed by the dye, a high 
surface area film of Ti02 is used, as more dye molecules can be deposited on 
this film than on a flat surface, increasing the efficiency of light absorption as 
the surface area increases. A variety of Ti02 substrates have been employed, 
however the method of choice involves the preparation of Ti02 nanoparticles 
using a well established sol-gel method" that will be outlined in section 2.1, 
followed by spreading the nanoparticles over the Sn02 electrode and calcin- 
6 
ing at 450 °C; in order to form the film. The calcination of the Ti02 at 
450 °C results in the formation of anatase Ti02. The anatase form of Ti02 
is more attractive than the rutile form for use in solar cells, due to the higher 
activity of anatase Ti02 compared to rutile Ti02 
1.1.4 The electrolyte 
The dye is regenerated by the donation of an electron from the electrolyte, 
which is in turn restored by an electron transfer from the counter elec- 
trode. The electrolyte generally consists of a redox couple, typically the 
iodide/triiodide couple, in an organic solvent. Equation 1.1 displays the 
oxidation of I- to 13 which results in electron transfer to an oxidised dye 
molecule, thus restoring the original state of the dye. 
31- -º 13 + 2e- (dye) (1.1) 
I3 is then reduced at the counter electrode according to equation 1.2, return- 
ing the system to its original state. 
13 + 2e- (counter electrode) --º 31- (1.2) 
As the electrolyte typically used in the Grätzel cell is a liquid, the cell is 
required to be well sealed, since any leak will result in the breakdown of the 
device. In order to eliminate cell failure from leaks, cells have been produced 
using solid state electrolytes, such as CuI, CuSCN and spirobiflourenes re- 
suiting in efficiencies of approximately 4 %l° Cells involving a solid state 
electrolyte are prepared by dropping a solution of the electrolyte onto the 
7 
dye coated Ti02 film, allowing it to dry and repeating the previous two steps 
until sufficient electrolyte has been deposited. 
1.2 Inorganic semiconductor nanoparticles 
As the dyes currently studied photodegrade and the tuning of the absorp- 
tion and electron transfer properties of the dye requires a new dye to be 
synthesised, involving a complex method of preparation for each dye to be 
tested, a suitable alternative to organometallic dyes is essential for progress 
in the optimisation of the Grätzel cell. Semiconductor particles of a size less 
than approximately 10 nm have properties that indicate that they are an 
alternative sensitiser to dyes in solar cells, as discussed below. 
1.2.1 Electron transfer from semiconductor quantum 
dots 
In order for a semiconductor nanoparticle sensitised solar cell to be viable, 
the particles need to be deposited on the Ti02 film and exhibit the electron 
transfer process outlined in Fig. 1.5. It should be noted that these processes 
are similar to the electron transfer processes involved in the Grätzel cell and 
the nanoparticle system is subsequently vulnerable to the loss mechanisms 
outlined for the Grätzel cell in section 1.1. Due to the small size of the 
particles, the composition of the surface and the presence of defects on the 
surface of the particles may produce surface states which may trap holes or 
electrons leading to further complications in the electron transfer processes. 
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Figure 1.5: Schematic of the electron transfer processes involved in the semicon- 
ductor nanoparticle sensitised solar cell. 
1.2.2 Why use inorganic semiconductors as a replace- 
ment for the organic dye 
Inorganic semiconducting compounds of low solubility can generally be pro- 
duced simply by the reaction of compounds containing the components of 
the semiconductor, for example the reaction of cadmium perchlorate with 
hydrogen sulfide to form cadmium sulfide. This method typically involves 
injecting H2S gas into a solution of cadmium perchlorate and a stabiliser, for 
example hexänethiol, under an inert atmosphere at room temperature and 
stirring the solution for 1 hour. Using such methods, similar to the above 
example, it is clear that inorganic semiconductor nanoparticles are easier and 
quicker to prepare than organic dyes. The size of particles prepared by this 
method can be controlled via the concentration of the stabiliser. Fischer and 
9 
Henglein12 proved this by showing that the size of CdS particles, prepared us- 
ing hexanethiol as the stabiliser in the route detailed above, could be related 
to the concentration of hexanethiol according to the following equation: 
log d=1.32 - 0.13 log c (1.3) 
where d is the diameter of the particles in Angstroms and c is the hexanethiol 
concentration in mol dm-3. Other stabilisers can be used to control the size 
of semiconductor nanoparticles, and equations relating the concentration of 
the stabiliser to the particle size can be formulated for each stabiliser. This 
was confirmed by Peter et al. 13, who prepared CdS particles by a similar 
method to Fischer and Henglein 12, using 3-mercaptopropionic acid (3-MPA) 
as the stabiliser instead of hexanethiol and found a similar expression for the 
particle size as a function of concentration as shown in the following equation: 
log R= -0.065 log c+0.236 (1.4) 
where R is the radius of the particles in nm and c is the concentration of 
3-MPA in mol dm-3. These changes in particle size are accompanied by a 
change in the band gap as measured from the optical absorption spectra by 
Fischer and Henglein12 and Peter et al. 13. Therefore the size of the semicon- 
ductor nanoparticles can be controlled and this size affects the wavelengths 
of light the particles can absorb. Inorganic semiconductors exhibit a broader 
absorption spectrum, ranging from the UV to the absorption edge of the ma- 
terial compared to the peaks observed in the spectra of organic dyes. This is 
illustrated in Fig. 1.6, which displays the UV-vis spectra of coumarin based 
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Figure 1.6: UV-Vis absorption spectra of a) coumarin based dye NKX-26776 and 
b) CdS 14 
the dyes used in the Grätzel cell. In order for an inorganic semiconductor 
to be suitable as replacement for the dye, it needs to be able to absorb light 
over the range of wavelengths observed in sunlight (300 to 885 nm), be eas- 
ily deposited on the Ti02 film and inject excited electrons, produced by the 
exposure of the system to light, into the Ti02 film. As an inorganic semicon- 
ductor promotes an electron from its valence band (VB) to its conduction 
band (CB) when a photon with an energy equal to or greater than the band 
gap, E, is absorbed, as shown by Fig. 1.7, a band gap of less than 1.4 eV is 
needed in order to absorb light from across the solar spectrum. Inorganic 
semiconductors experience a change in band gap when the size of the semi- 
conductor particles is less than the Bohr radius of the exciton formed in the 
semiconductor when an electron and a hole approach each other in space. 
A material that experiences this effect is said to be quantum confined. The 
theory of why this happens and the relationship of the band gap to particle 






Figure 1.7: Absorption of a photon by a semiconductor. 
1.2.3 Band Tuning 
Semiconductor nanoparticles of less than approximately 10 inn show pllVsical 
properties that differ from the bulk properties. The effect of particle size on 
the band gap was concluded by Brus et al. '"' to be due to the occurrence 
of an incomplete delocalisation of an electron. The theoretical evolution of 
the molecular orbitals (MO) as the size of a semiconductor compound is 
increased from a single molecule to a nanoparticle (typically a particle with 
a radius of less than 20 um) and finally to a bulk crystalline compound is 
displayed in Fig. 1.8. Brus1e derived an expression that approximately relates 
the band gap of the quantum confined particles of a semiconductor to the 
size of the particles, given that the unit cell of the crystalline material is the 
same in a nanoparticle as in the bulk material. This assumption leads to the 
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Figure 1.8: Schematic of molecular orbitals for a single molecule, a nanoparticle 
and the bulk semiconductor (CB-conduction band, VB=valence band). 
bulk semiconductor crystals, are developed from the MOs of the nanoparticle 
as the size of particles increases. A Bloch MO can be represented as follows: 
ýk, 
ýý 
(7) = eis`. ' Xk, jz 
(r) (1.5) 
where Xk, N, includes the dimensions of the unit cell with a relatively weak 
dependence on k and c`k r represents an approximate plane wave with a wave- 
length A= 21r/k longer than a unit cell. This nature of Bloch N10s caused 
Brus 1(;; ] 7 to approximate a nanoparticle MO, V, i(r), according to equation 1.6, 
which represents a MO localised in space as a Fourier transform wave packet 
of Bloch MOs, where it is an index for summation over different bands, 
(ý) =J fz, J k. /L (r) dk. (1.6) 
ý, ti 
The lowest unoccupied molecular orbital (LUMO) that becomes the k=0 
state of the conduction band has contributions only from the k states of the 
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conduction band assuming the particle is not so small that contributions from 
the valence band states become significant. In order to localise the electron 
in a small particle, a larger region of k space is required compared to a larger 
particle. Assuming that the particle is spherical and keeping the lowest order 
non-zero term in a Taylor's series expansion for the energy, the expected 
energy of an electron in the LUMO of the particle can be approximately 
expressed according to the following equation: 
E; E,, + 2R2 
E Li (1.7) 
i=x, y, x " 
where E; is the expected energy of an electron, EE is the energy of the con- 
duction band and R is the radius of the particle. An effective mass tensor 
is defined by the second derivatives at every point on the conduction band, 
according to the following equation: 
h2 
M; j .2 (1.8) E) 
ök ; 8kj J 
As this tensor is almost isotropic with an average diagonal element, me, when 
k approaches zero for the conduction band of most semiconductors, Brus1e 
represented the energy of an extra electron in the conduction band as the 
sum of the energy of the conduction band, EE, and effectively the particle in 
a box quantum energy of a pseudoelectron of effective mass, m,, as shown in 
the following equation: 
E; &+ ir2h2 
2m, RZ 
(1.9) 
This relationship is only valid as long as the unit cell of the material is 
the same in the nanoparticle as it is in the bulk semiconductor. Brus15; is 
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found the model Hamiltonian for the particle's lowest excited state to be as 
shown in equation 1.10 by approximating the energy of a hole in the highest 
occupied molecular orbital (HOMO) of the particle in a similar way to the 
energy of an electron in the LUMO of the particles using the effective mass 
of a hole, mh, in the calculation of the localisation energy and assuming 
that the interaction of an electron and a hole occurs via a shielded Coulomb 
interaction. 
h2 h2 e2 H=- De - Oh -+ polarisation terms (1.10) 2me 2mh EI re - rhl 
The first excited electronic state can therefore be approximated according to 
the following equation: 
222 
-- (1.11) E' = E9 + 
ZR Cm 
+1 2eh 
where h= h/2ir, E" is the band gap of the particles, E9 is the bulk band gap, 
R is the radius of the particles, me is the effective mass of the electron, mh is 
the effective mass of the hole and e= 47rereo, where er is the relative dielectric 
constant of the semiconductor and co is the dielectric constant of a vacuum. 
Rearranging the above equation yields an expression for the calculation of 
particle size from a measured band gap: 
1.8e2 1.8e2 
- 
h2 E -E' 
1 
4rerf0 4werco 2 Me Mh) 
2 (E9 -- E*) 
(1.12) 
Fig. 1.9 displays a plot of the band gap of the particles E* against the radius of 
the particle, R, using CdS as an example, which has values of me, mh, e, and 
E. are 0.19 m0,0.8 ma, 5.7 and 2.42 eV respectively. This shows an increase 
15 
Radius / nm 
Figure 1.9: Calculated dependence of the band gap with radius of the particles 
for CdS particles. 
in band gap with decreasing particle size and an asymptotic approach of 
E* to the bulk band with increasing particle size. It is important to note 
that the estimation of particle size using this method is only valid if the 
particles are crystalline, spherical and have nearly identical unit cell structure 
and dimensions in both the particles and the bulk crystalline semiconductor 
material. 
As the size of an inorganic semiconductor nanoparticle is decreased, the 
energy of the conduction band is increased and the energy of the välence 
band is decreased. This results in a larger band gap for smaller particles 
and the absorption of light at lower wavelengths than that observed for the 
bulk semiconductor. The transfer of electrons from the particle to Ti02 will 
therefore become more favourable as the size of the particle is decreased, due 
to the associated increase in the conduction band energy. The properties de- 
scribed above lead to the conclusion that inorganic semiconductor particles, 
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with an appropriate band gap and a bulk conduction band position similar 
to that of Ti02, are an interesting alternative to dyes for photosensitisation. 
1.2.4 Proof of Concept 
Cadmium sulfide was used by' Peter et al. 13 in order to test the feasibility 
of using inorganic semiconductor nanoparticles as a replacement for organic 
dyes. This system was selected as quantum confinement effects in CdS and 
the preparation of CdS nänoparticles with control of the size of the particles 
have been widely studied. A number of different methods of preparing CdS 
particles have been reported. 
Boxall and Albery18 studied the photoelectrochemical properties of col- 
loidal CdS using an optical rotating disc electrode. The particles were pro- 
duced according to the method used by Duonghong et a1.19 as updated by 
Albery et al. 20, which involved the addition of H2S gas to an aqueous so- 
lution of Cd(N03)2 and sodium hexametaphosphate. The electrochemical 
system was formed by placing a transparent disc electrode, produced from 
a polished quartz rod with one end coated with Sb-doped Sn02, into an 
aqueous solution of KC1O4, sodium hexametaphosphate and CdS particles. 
Light was focused on the uncoated end of the quartz rod of the electrode. 
The transfer of thermally generated electrons from the conduction band of 
the CdS particles to the electrode was observed in the dark. When ex- 
posed to light, an increase in current was observed at potentials greater than 
0.6 V indicating that the particles deposit on the surface of the electrode 
at these potentials. The results obtained by Boxall and Albery18 for the 
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steady state and transient photoelectrochemical behaviour of CdS particles 
indicate the presence of surface states in the CdS particles, corresponding 
to surface S2- ions or sulfur vacancies. This was further confirmed by re- 
sults obtained by Boxall" using a similar system with the addition of hole 
scavengers such as Fe[(CN)6]3' and methyl viologen. An enhancement in the 
photocurrent was observed using [Fe(CN)6]3- as the scavenger as opposed 
to methyl viologen due to the lower rate of electron transfer from the ox- 
idised CdS particle to the reduced scavenger. Haram et al. 22 studied the 
electrochemical properties of CdS nanoparticles, prepared by the injection of 
H2S in to an aqueous solution of Cd(C104)2 and 1-thioglycerol as discussed 
by Vossmeyer et al. 23 and size selected according to the method used by 
Murray et al. 24 to produce a range of monodisperse samples, using tetra- 
hexylammonium perchlorate in N, N'-dimethylformamide as the electrolyte, 
Pt or Au as the working electrode, a Pt coil as the counter electrode and a sil- 
ver wire as a quasi-reference electrode. The difference between the oxidation 
and reduction peaks in the cyclic voltammagrams exhibits a similar increase 
upon a decrease in particle size to the band gaps estimated from UV-Visible 
absorption spectra. Bakkers et al. 25 produced gold electrodes coated with 
CdS particles by first coating the electrodes with a self assembled mono- 
layer of hexanedithiol by immersing a clean gold electrode in a solution of 
hexanedithiol and then immersing the electrode in a solution containing the 
CdS particles prepared according the method used by Fojtik et al. 26. This 
synthetic technique involved the injection of H2S gas into a basic aqueous 
solution of cadmium perchlorate and sodium hexametaphosphate under an 
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inert atmosphere in order to produce CdS particles with a coating of sodium 
hexametaphosphate. The particles were observed to cover the electrode sur- 
face by scanning tunnelling microscopy and had an average size of 5.0 nm (as 
measured by transmission electron microscopy). The electrochemical prop- 
erties of the particles under chopped light were discussed. Photocurrent 
transients displaying a cathodic current when light was removed from the 
sample were observed between applied potentials of -0.9 and -0.6 V, indi- 
cating the occurrence of back electron transfer from the electrode to a CdS 
particle. Riley et al. 14; 27-30 studied the photoelectrochemical properties of 
CdS particles deposited on tin oxide electrodes. The technique used by Fis- 
cher and Henglein12 was adapted by Drouard et al. 14 in order to produce 
CdS particles deposited on tin oxide electrodes by placing tin oxide elec- 
trodes functionalised with 3-mercaptopropyltrimethoxysilane in a reaction 
vessel containing a solution of Cd(C104)2 and hexanethiol in tetrahydrofu- 
ran, followed by the addition of H2S gas. Three different concentrations of 
hexanethiol were used to prepare CdS particles using this method. The sizes 
of the particles in solution were determined from the band gap found from 
the UV-Vis absorption spectra according to equation 1.12, resulting in par- 
ticles with diameters of 2,4 and 10 nm if hexanethiol concentrations of 0.4, 
8.57 x 10-3 and 5.275 x 10-3 mol dm-3 respectively are used in the prepa- 
ration of the particles. In order to confirm that the particles deposited on 
the tin oxide electrodes were the same size as the particles formed in solu- 
tion, the photocurrent spectroscopy technique was employed as described in 




Figure 1.10: A schematic of the charge transfer processes occurring in CdS coated 
electrode in electrolyte system. SS =a surface state, R= reduced form of the 
electrolyte hole scavenger, 0= oxidised form of the electrolyte hole scavenger, kt, 
k,., ke, kh and kb = the rate constants of trapping a hole in the surface state, recom- 
bination, electron transfer, hole transfer and back electron transfer respectively29. 
UV-Vis absorption spectra indicating that the particles are the same size 
on the surface of the electrodes and in the as-prepared solution. This sys- 
tem was studied by intensity modulated photocurrent spectroscopy, potential 
modulated absorbance spectroscopy and photocurrent spectroscopy by Riley 
et al. 27-30. Photocurrent transients display the presence of a surface state 
that traps holes at -0.4 V, as no back electron transfer occurred at higher 
potentials, while back electron transfer was observed at more negative po- 
tentials, suggesting that the charge transfer processes in a CdS coated tin 





k,. / (rad s'1) kh / (rad s-1) kb / (rad s-1) aelacke / 
(rad s-1) 
0.0 35000 18 0 8.05 x 10-3 
-0.4 35000 18 1 4.20 x 10-3 
-0.6 35000 18 3 1.26 x 10-3 
-0.7 35000 18 6 7.35 x 10-4 
Table 1.2: Rate constants of charge transfer processes at a number of potentials 
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transfer processes were determined over a range of potentials and are shown 
in Table 1.2. It was concluded that k, and kh are independent of applied po- 
tential, while kb decreases as the potential is increased until the energy level 
of the hole trapping surface state is above the Fermi Level of the electrode 
preventing further back electron transfer and ke increases as the potential is 
increased. Potential modulated absorption spectroscopy was used by Hickey 
et al. 28 in order to study the effect of excess charge carriers on a tin oxide 
electrode coated with CdS nanoparticles. A potential dependent bleaching 
was observed near the band edge from the potential modulated absorbance 
spectroscopy. It was also concluded by Hickey et al. 28 that the bleaching pro- 
cess occurs via a band filling model and that surface states are not involved 
as modulations in the absorbance of the particles were not observed unless 
the Fermi level of the tin oxide electrode was above the conduction band of 
the nanoparticles. This occurred if the applied potential was less than -1.0 V 
during the potential cycle. Riley and Tull3° also concluded that the electron 
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transfer between the particles and the substrate occurs via diffusion as the 
charge on the particles is shielded from the tin oxide electrode by the diffuse 
double layer of the electrolyte. 
Peter et a1.13 employed a method similar to that used by Fischer and 
Henglein12 and Drouard et al. 14 in order to prepare a Ti02 film coated with 
CdS nanoparticles on a tin oxide electrode as this method produces the CdS 
coated electrodes simply and the electron transfer properties of the parti- 
cles on tin oxide have been thoroughly studied. This method placed a Ti02 
coated electrode, prepared as discussed in section 1.1.3 for a Grätzel cell, in a 
reactant solution containing cadmium perchlorate and 3-mercaptopropionic 
acid (3-MPA) in THE and under an inert atmosphere and then injected H2S 
into the system. 3-MPA was used in place of hexanethiol as the carboxylic 
acid group on 3-MPA enables the particles to bind to the Ti02 surface. Sim- 
ilar control of particle size to that found if hexane thiol is used as a stabiliser 
was displayed by 3-MPA. Band gaps of 2.53 and 2.88 eV were observed in 
the UV-Vis spectra of the particles in solution if 7.5 x 10'5 mol dm-3 or 
0.38 mol dm-3 of 3-MPA, respectively, is used in the preparation. This dis- 
plays quantum confinement and the size of the particles have been calculated 
to be 3.1 and 1.9 nm for concentrations of 3-MPA of 7.5 x 10'5 mol dm-3 or 
0.38 mol dm-3 of 3-MPA, respectively, using equation 1.12 and these band 
gaps. An equation relating the size of the particles to the concentration of 
stabiliser was formulated and is shown in section 1.2.2. Photocurrent spectra 
of CdS particles on Ti02 electrodes were recorded and a higher efficiency was 
observed for CdS coated Ti02 electrode compared to flat tin oxide electrodes 
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coated with CdS, indicating that the particles were deposited inside the pores 
of the Ti02 film. This result demonstrated that an inorganic semiconductor 
can sensitise a Ti02 film in much the same way the dyes used in the Grätzel 
cell do. It is clear from the above results that a number of factors are in- 
volved in the efficiency of the photocurrent observed from electrodes coated 
with semiconductor nanoparticles. These factors include the coverage of the 
particles on the electrode, the relative energy of the conduction bands of the 
semiconductor particle and Ti02 or tin oxide, the rates of all the electron 
transfer processes shown in Fig. 1.10 and the length of organic chain in the 
stabiliser, which if too long could prevent the transfer of excited electrons 
from the semiconductor to Ti02. The results in this thesis will be discussed 
according to these factors. 
1.2.5 Possible Materials 
Having shown that sensitisation of a Ti02 electrode with an inorganic semi- 
conductor is possible, it is now necessary to find a material that absorbs light 
across the solar spectrum when quantum confined, can be deposited on Ti02 
and then exhibits efficient photocurrent under solar illumination. Table. 1.3 
displays materials that may be suitable for use as a sensitiser in a quantum 
dot sensitised solar cell. These materials have either a bulk band gap of less 
than 1.4 eV or are known to be highly efficient light absorbers. 
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Table 1.3: Suitable materials for the sensitisation of Ti02. 
1.2.6 Materials to be studied 
This thesis will study the preparation of Bi2S3, CdSe, RuS2, Cu2S and PbS 
nanoparticles in solution and the deposition of these particles on tin oxide 
electrodes or electrodes coated with a Ti02 film. Fig. 1.11 displays the band 
edge positions of Sn02, Ti02, CdSe, RuS2, Cu2S, PbS and CdS. This shows 
that particles consisting from CdSe, RuS2, Cu2S or PbS should inject elec- 
trons into the conduction bands of Ti02 or Sn02, provided the particles 
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Figure 1.11: Positions of band edges for materials used in this studysi; s2 
exhibit size quantisation effects. The properties of these particles in solution 
will be studied by UV-Visible Absorption spectroscopy, transmission electron 
microscopy (TEM) and electrophoresis. Cyclic voltammetry under chopped 
light and photocurrent spectroscopy are used to characterise the properties 
of the inorganic semiconductor particles on a tin oxide or Ti02 coated tin 
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The techniques described in this chapter are common to several chapters in 
this thesis. 
2.1 Preparation of Ti02 Film 
A solution containing 3.7 ml of titanium (IV) isopropoxide and 1 ml iso- 
propanol was stirred for 5 minutes in a measuring cylinder. A 100 ml conical 
flask containing 8 ml glacial acetic acid and 25 ml deionised water was placed 
in an ice bath and stirred vigorously while the titanium (IV) isopropoxide 
and isopropanol mixture was added dropwise over a period of 30 minutes. 
The contents of the flask were then heated to 80 °C for 8 hours. The resulting 
sol-gel was then placed in an autoclave and heated to 230 °C for 12 hours. 
After cooling, the solution of Ti02 particles was placed in a 50 ml round 
bottomed flask and sonicated for 5 minutes. The solution was concentrated 
to a third of its original volume by rotary evaporation and 0.4 g carbowax 
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was stirred into the solution overnight to form the final viscous Ti02 colloid 
solution. The Ti02 colloid was spread on a precleaned Sn02 glass electrode 
in a layer and then annealed at 450 °C for 30 minutes in order to form the 
Ti02 film. 
2.2 UV-Vis Spectroscopy 
A Perkin Elmer Lambda Bio 10 UV-Visible spectrometer was used to mea- 
sure the UV-Vis absorption spectra. A schematic of this machine is shown 
in Fig. 2.1. The spectrometer passes light from either a deuterium or halo- 
-- -" Lamp Monochromator 






Figure 2.1: Schematic of the UV-Vis spectrometer. 
gen lamp through a monochromator in order to select the wavelength and 
then passes the light through the sample. These two lamps were used in 
order to produce wavelength over a range between 190 and 1100 nm. The 
light that passes through the sample is then detected by a photodiode. The 
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spectrometer then sends the intensity of light as represented by the volt- 
age measured by the photodiode to a computer. This is carried out over a 
range of wavelengths for both the sample itself and a reference, the solvent 
in which the sample is suspended. The results from the reference are then 
subtracted from the sample by the computer and an absorption spectrum 
reported. Close to the absorption edge, the absorption coefficient, a, of a 
semiconducting material can be expressed by the following equation': 
a (hv - E9)7 (2.1) 
where by is the photon energy, E9 is the band gap of the material and for 
direct allowed, direct forbidden or indirect allowed transitions, -y takes values 
of 0.5,1.5 or 2 respectively. Rearranging 2.1 results in the equation: 
a7 .:; he 
(Al 
- E9 (2.2) 
Therefore if the measured optical response to the appropriate power ofis 
plotted against ä, the band gap can be evaluated from the intercept of the 
straight line portion of the graph with the y-axis. The above approach is 
inappropriate for a polydisperse solution of particles, such as those produced 
in this research, as differing band gaps and absorption coefficients occur for 
different sized particles. In these cases the band gap can be estimated by 
converting the wavelength at which the absorption onset occurs to energy 
using the following equation. 
E9 =e (2.3) 
where h is Planck's constant, c is the speed of light. The size of the particles 
can be estimated from the band gap using equation 1.12. 
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2.3 Electron Microscopy Methods 
The transmission electron microscope (TEM), displayed schematically in 
Fig. 2.22, operates in a similar fashion to an optical microscope but uses high 
energy electrons to greatly increase the magnification. Electrons must pass 
through the sample, hence it is required to be thin and usually consists of 
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Figure 2.2: Schematic of a TEM. The controls and vacuum system lines are not 
shown2. 
Js produced in the gun chamber, using accelerating voltages between 20 kV 
and 1 MV depending on the resolution required (the higher the accelerating 
voltage, the greater the theoretical resolution of the microscope), the beam 
is then passed through condenser lenses in order to condense the electrons 
into a narrow beam, which is then focused on the sample by the objective 
lens. The image is then brought into focus in the viewing chamber or onto a 
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film by the projector lens. 
In order to image the particles produced in this research, a drop of solution 
containing " the particles was allowed to dry on a copper grid coated with 
carbon. The particles were imaged using either a JEOL JEM, 2010 TEM 
operating at 200 kV giving a maximum magnification of 1.2 million, recording 
the images on KODAK Electron Image Film SO-163, or a JEOL JEM 1200 
EX MK2 TEM operating at 120 kV, with a maximum resolution of one 
million and using a MegaView III digital camera to record the images. Size 
analysis was carried out using the Soft Imaging Systems GmbH analySlS 3.0 
image analysis software. An Oxford Instruments ISIS 310 X-Ray analysis 
system with a silicon detector was used to perform elemental analysis of the 
nanoparticles. 
Fig. 2.32 shows a basic schematic of a scanning electron microscope (SEM). 
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Figure 2.3: Schematic of a SEM2. 
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A condensed electron beam is focused as a small spot on the sample by the 
objective lens. A varying voltage is applied to the scan coils by the scan 
generator in order to deflect the electron beam across the surface of the sam- 
ple in a controlled manner and a set of deflection coils around the neck of a 
cathode ray tube (CRT) is exposed to the same varying voltage to deflect a 
spot of light across the surface of a digital light detector in the same pattern 
as the deflection of the electron beam on the sample. Secondary electrons 
are produced from the sample by the complex series of interactions of the 
electron beam with the sample. These electrons are collected and converted 
into light by the scintillator, then transferred to a photomultiplier by the 
light pipe. The photomultiplier converts the photon back to an electron and 
amplifies the signal. The voltage produced by the photomultiplier is ampli- 
fied by the pre amplifier and applied to the grid of the CRT, modulating the 
intensity of the spot of light produced by the CRT according to the number 
of secondary electrons detected, such that a bright spot or a darker spot is 
seen if the electron beam is on a projection or a depression on the surface 
of the sample respectively. This then results in an image consisting of thou- 
sands of spots, with a variety of intensities corresponding to the topography 
of the sample, that can be captured by the digital light detector and sent to 
a computer. The samples studied consisted of tin oxide or Ti02 covered tin 
oxide electrodes coated with the nanoparticles. The surface of the electrodes 
were connected to earth in order to stop the electron beam causing surface 
charging. 
A JEOL JSM 6330 F SEM operating at 10 kV was used to image the 
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nanoparticle modified electrode surfaces produced in this research. An Ox- 
ford Instruments ISIS 310 X-Ray analysis system with a silicon detector was 
used to carry out elemental analysis of the nanoparticles and the electrode 
surface. 
A schematic of the equipment used in the TEM and SEM to carry out 
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Figure 2.4: Schematic of the machine used for elemental analysis in the SEM and 
TEM machines2. 
the microscope hits the sample, electrons may be ejected from orbitals in 
the atoms in the sample. Subsequent relaxation results in the emission of 
an X-ray from the sample with an energy unique to the atom from which 
it was emitted. The X-ray is detected by the crystal in the detector and is 
converted into a voltage pulse that is amplified by the field effect transistor. 
This results in an energy dispersive X-ray analysis (EDAX) spectrum that 
shows a series of peaks at different energies, which can be used to identify 
the elements that are present in the sample. This system will also display the 
composition of the particle support. Therefore, in this work, the elemental 
analysis will display peaks representing copper in the case of the TEM and tin 
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or tin and titanium in the case of the SEM for samples of particles deposited 
on tin oxide or Ti02 coated tin oxide electrodes. If the particles to be studied 
were thought to contain copper, a nickel supporting grid was used, so that 
copper could be unambiguously identified. 
2.4 Electrophoresis 
A Brookhaven Instruments Corporation Zeta PALS Zeta Potential Analyser 
was used to measure the zeta potentials of the nanoparticles in solution. 
The zeta potential found is the potential at the shear plane of the particles. 
The ZetaPALS method of finding the zeta potential involves the measure- 
ment of the mobility of the particles using electrophoretic light scattering. 
A schematic of the apparatus is displayed in Fig. 2.5. The technique involves 









Figure 2.5: Schematic of the electrophoresis apparatus. 2. 
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at the frequency of the scattered beam found under no electric field. A shift 
in phase is observed between the scattered and reference beams. This phase 
shift is constant when no electric field is applied and is time dependent when 
a field is applied. The Zeta PALS instrument records the difference between 
the phase shift at time t and the constant phase shift in the absence of an 
electric field, the relative phase shift, as a function of time while the solution 
is under a sinusoidal electric field of frequency in the range of 5 to 60 Hz. 
The mobility of the particles can then be determined from the amplitude of 
the modulated relative phase shift. The particle suspension is required to be 
stable and transparent for the measurements to be obtained. Results were 
obtained by measuring the mobility of the particles in a set of ten readings, 
removing the highest and lowest values from the set and taking the average 
of the rest. The zeta potential (() can be calculated from the mobility (PE) 
by one of two models. The choice of model depends on a comparison of the 
particle size with the Debye length, which is defined as the distance from the 
surface of the particle at which the Volta potential difference between a point 
at a known distance from the particle and the bulk electrolyte is 37 % of its 
magnitude at the surface of the particles. Smoluchowski's equation, equation 




where e is the dielectric constant of the solvent and i is the viscosity. If, 
however, the particles are smaller than the Debye length, as in the work 
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reported in this thesis, the Mickel model is used: 
2« 
(2.5) µE = 377 
This method can be used to determine the surface charge on the particles. 
The Debye length, AD, can be calculated using the following equation: 
EDErkBT 
U) 
AD =( 2NAe21) 
(2.6) 
where co is the permittivity of a vacuum, Cr is the dielectric constant of 
the solvent, kB is the Boltzmann constant, NA is Avogadro's number and I 
is the ionic strength. This equation only applies for 1: 1 electrolytes. The 
maximum ionic strength of the solutions of the bismuth sulfide particles 
prepared in Chapter 3 were calculated using equation 2.7, assuming that the 
pH of the solution is at least 7, giving a maximum concentration of H+ ions 
of 10-1 mol dm'3. 
1 1: I=2c; zi2 (2.7) 
where c; is the concentration of ion i in moles m-3, z; is the charge on ion i and 
the sum is carried out over all the ions in solution. Therefore an estimated 
minimum Debye length for a Bi2S3 solution in ethanol, as prepared in chapter 
3, can be calculated using the ionic strength, the dielectric constant of ethanol 
(25.3) and a temperature of 293 K. This debye length was found to be 8 nm. 
As the particle sizes for Bi2S3 are less than the Debye length, the Hückel 
model is used to determine the zeta potential. 
38 
2.5 Powder X-Ray Diffraction 
A Bruker AXS diffractometer D8 was used to determine the powder X-ray 
diffraction pattern of nanoparticle samples. The nanoparticle powders were 
mounted on a rotating stage, in the geometry shown in Fig. 2.63, with a Cu 
Ka X-ray source operating at 40 kV. 20, where 0 is the angle between the 
X-ray source or the detector and the horizontal plane, was scanned between 
20 ° and 90 °. 
Sample on a 
rotating stage 
Figure 2.6: Schematic of the powder X-ray diffractometer3. 
Crystal planes parallel to the sample and the X-ray source, and therefore the 
detector, that meet the Bragg condition (equation 2.8, 
2d sin 0=A (2.8) 
where A is wavelength of the X-rays and d is the lattice spacing), result in 
constructive diffraction and hence peaks in the intensity versus angle spec- 
trum4. Using powder X-ray diffraction, it is possible to approximate the 
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size of the particles using the Debye-Scherrer relationship5, as shown in the 
equation below: 
particle diameter = 
1.3.1 (2.9) 
0 (20) cos 0 
where A is the wavelength of the X-rays, 0(20) is the peak full width at half 
maximum in radians and 0 is the position of the peak. However, caution was 
taken when using this formula on very broad peaks as these could be due to 
small particles or large particles with defects. 
2.6 X-ray Photoelectron Spectroscopy 
A schematic of an X-ray photoelectron spectrometer (XPS) is shown in 







Figure 2.7: Schematic of an X-ray photoelectron spectrometer6. 
nanoparticulate sample, produced by drying a solution of the nanoparticles 
on a glass slide, with X-rays with a defined energy, hv. This results in 
the ejection of electrons from core orbitals of atoms on the surface of the 
nanoparticles. These electrons are known as photoelectrons and have a ki- 
netic energy equal to the difference between the energy of the X-rays used 
and the ionisation potentials for the orbitals from which the electrons were 
40 
removed. These kinetic energies can be measured by finding the electric field 
necessary to deflect the photoelectrons through an electroanalyser of known 
curvature so the electrons hit an electrodetector, as illustrated in Fig. 2.76; 7. 
A spectrum is built up by counting the electrons occurring at specific ener- 
gies. The ionisation potentials for electrons coming from the orbitals from 
which photoelectrons originated can be calculated and are closely related to 
the binding energy of that orbital. There are two other processes called the 
X-ray fluorescence process and the Auger process that can occur simultane- 
ously with this photoionisation process and these are summarised in Fig. 2.81. 
The X-ray fluorescence process involves the relaxation of a valence electron 
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Figure 2.8: Photoionisation, X-ray fluorescence and Auger processes7. 
into the gap in the core orbitals left by the photoelectron, resulting in the 
emission of an X-ray with energy equal to the difference in energy between 
the two energy levels. In the Auger process, the energy produced by the 
relaxation of an electron in a valence orbital to a core orbital is transferred 
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to a second electron in a valence orbital with a low ionisation potential (I. ), 
resulting in this electron being ejected from the atom with a kinetic energy of 
El - E2 - I,, where El is energy of the valence orbital of the electron involved 
in the relaxation step and E2 is the energy of the core orbital to which the 
electron is relaxing. The ejected electron is called an Auger electron and 
the energy of this electron is also measured with photoelectrons produced by 
photoionisation. However, the kinetic energy of the Auger electron is inde- 
pendent of the energy of the X-ray responsible for the photoionisation of the 
atom. Therefore, if two XPS experiments are carried out using X-rays of dif- 
ferent energies then peaks due to Auger electrons can be differentiated from 
the photoelectrons. A Fisons Instruments Escascope X-ray Photoelectron 
Spectrometer using a Mg K,,, X-ray source was employed in order to measure 
the X-ray photoelectron spectra of the samples studied in this work. The 
spectra were measured a second time using an Al Ka X-ray source in order 
to determine the position of the peak corresponding to Auger electrons. The 
assignment of the peaks was carried out by comparing the energies of the 
observed peaks with the energies found in reference tables containing the 
energies of photoelectrons from the elements expected to be present in the 
sample. The samples were etched by exposing the samples to a beam of ar- 
gon ions for 10 minutes. The measurements were then repeated to determine 
the composition of the material inside the particles. 
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2.7 Photoelectrochemical Techniques 
The photoelectrochemical methods employ a standard three electrode elec- 
trochemical cell as shown in Fig. 2.9. A tin oxide glass electrode coated with 
strode 
Mndow 
Figure 2.9: The electrochemical cell. 
the particles to be studied was used as the working electrode. The counter 
electrode was a platinum wire mesh. An AglAgC113 mol dm-3 KC1 electrode 
was used as the reference electrode. The electrolyte used was 1 mol dm-3 
Na2SO3 aqueous solution buffered to pH 12 by NaOH and NaHP04. 
2.7.1 Photo current-Potential Curves 
Producing photocurrent transients involves exposing the working electrode to 
a square wave illumination pattern while measuring its cyclic voltammogram. 
The set up used is illustrated in Fig. 2.10. White light from a 75 W USH10 
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Figure 2.10: Schematic of the apparatus used to measure the photocurrent- 
potential curves. 
lamp power supply, chopped at 0.1 Hz by an OC4000 Photon Technology 
International digital optical chopper, was employed to illuminate an electrode 
area of 1 cm2. An Eco Chemie Autolab potentiostat was used to control the 
potential and measure the current. If electron transfer from the nanoparticle 
to the electrode occurs, an immediate rise to a steady photocurrent when the 
light is switched on and a rapid decay to zero photocurrent on switch off is 
expected. 
2.7.2 Photocurrent Spectroscopy 
Fig. 2.11 shows the equipment used in photocurrent spectroscopy. The light 
from the Xe arc lamp used in the photocurrent transient experiments was 
passed through a Photon Technology International monochromator of 3 nm 





Figure 2.11: Schematic of the apparatus used to measure the photocurrent spec- 
tra. 
the monochromatic light, chopped at 17 Hz by an OC4000 Photon Tech- 
nology International optical chopper and an in-house built potentiostat was 
employed to measure the total cell current. This current measurement was 
transferred to a SR830DSP Stanford Research Systems Lock-in Amplifier. 
This instrument isolates the response corresponding to the frequency of the 
chopped, light, obtaining a steady state photocurrent reading. The photocur- 
rent data and corresponding wavelength are then sent to a computer via the 
monochromator and processed using in-house written software. Readings 
were measured at 2 nm intervals over a range of wavelengths. The recorded 
photocurrent, i, can be expressed by the following equation: 
i_ OeIPh (2.10) 
where IPh is the intensity of the incident light and 0e is the percentage 
of incident photons resulting in the release of an electron into the external 
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circuit, the Incident Photon to Current conversion Efficiency (IPCE). 
A photocurrent spectrum of a photodiode of known light to electron 
conversion efficiency, which was put in place of the electrochemical cell in 
Fig. 2.11, was measured in order to correct the data for changes in lamp sig- 
nal, illumination area and alignment. The voltage output of the photodiode 
was directly connected to the lock-in amplifier and the photodiode current, 
1PD, over the same wavelength range as the sample was recorded. There is a 
similar expression, shown below, for the photodiode current to the equation 
for the recorded photocurrent. 
ZPD = PPDIPh 2.11) 
where cPD is the known efficiency of the photodiode. 
IPCE can be calculated using the following equation as the photodiode 




The above calculation is used to calculate the values of the IPCE for each 
wavelength measured and a plot of IPCE against wavelength is produced. 
The band gap is then determined to be the point at which a photocurrent 
signal is first observed. The wavelength at which this occurs is converted 
to energy according to equation 2.3. The effective-mass model of quantum 
confinement can be used to estimate the size of the particles from their band 
gap and equation 1.12 as discussed in section 1.2.3. 
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The work contained in this chapter has been published in J. Mater. Chem. '. 
3.1 Introduction 
The direct band gap of bulk Bi2S3 is reported to be in the region of 1.3 - 
1.7 eV2-5. As discussed in section 1.1.2, a solar cell sensitiser should have a 
band gap of approximately 1.4 eV. Thus bismuth sulfide is a candidate as a 
sensitiser. 
A number of methods have been reported for the preparation of Bi2S3 
nanoparticles. 
3.1.1 Methods of Preparation 
Ultrasonic Methods 
Wang et al. 6 prepared bismuth sulfide nanorods by exposing a mixture of 
Bi(N03)3, triethanol amine and Na2S203 in water to high intensity ultra- 
48 
sound irradiation for 2 hours. The rods were observed to have diameters 
between 20 and 30 nm and lengths in the range of 200 to 250 nm, as mea- 
sured by TEM. The rods are thought to be formed according to the following 
mechanism: 
H2O ultrasound 
2H' + 5203- -º S2- + 2H+ + S02- (3.1) 
2Bi3} + 3S2- -º Bi2S3 
The nanorods formed were highly crystalline as determined by powder 
X-ray diffraction. However, this method required water to be present dur- 
ing the synthesis, which made deposition of the rods on to a nanocrystalline 
substrate difficult. Bismuth sulfide thin films have been prepared by Wang 
et al. 7 using an asynchronous-pulse ultrasonic spray pyrolysis method. This 
technique sprayed a heated substrate alternately with thiourea and Bi(NO3)3 
in an inert atmosphere. The spray is produced using commercial ultrasound 
humidifiers. This methods produces microstructured bismuth sulfide films 
consisting of nano-crystalline grains with grain sizes in the range of 44.1 to 
67.5 nm, as calculated from the X-ray diffraction peaks using the Debye- 
Scherrer equation. 
Microwave Heating Methods 
A method of preparing bismuth sulfide particles using microwave radiation 
was reported by Liao et al. 8; 9 The experiment involved heating a solution 
of Bi(N03)3 and thiourea or thioacetamide in formaldehyde with microwave 
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irradiation. This resulted in nanorods with an average diameter of 10 nm and 
length of about 300 nm when thiourea was used or nanorods with an average 
diameter of 50 nm and lengths between 1 and 2 pm when thioacetamide was 
used. These sizes were obtained using TEM and the rods were determined 
to be crystalline from the powder X-ray diffraction patterns. Liao et al. 9 
suggest that the reaction proceeds as follows: 
CH3CSNH2 + H2O -º CH3 (NH2) C (OH) - SH 
CH3 (NH2) C (OH) - SH + H2O) -º CH3 (NH2) C (OH)2 + H2S 
CH3 (NH2) C (OH)2 -+ CH3 (NH2) C=O+ H2O 
3H2S + 2Bi (NO3)3 -+ Bi2S3 + 6HN03 (3.2) 
It is extremely complicated to produce a reflux system that can be irradiated 
with microwaves safely. 
Hydrothermal and Solvothermal Methods 
Bismuth sulfide has also been prepared by Zhang et al. lo, Yull and Shao 
et al. 12 using hydrothermal techniques. In order to produce the bismuth 
sulfide, a solution of Na2S and Bib or Bi(NO3)3 in water is placed in an 
autoclave and heated for 12 hours. The bismuth sulfide particles could be 
produced by this method as Bi(N03)3 is strongly hydrolysed by water to 
form BiONO3, which has a higher solubility product than Bi2S3 thus enabling 
the formation of bismuth sulfide particles under hydrothermal conditionslo 
Zhang et al. prepared nanorods with dimensions of 10-50 nm by 1-5 µm, as 
measured by TEM. Yu et al. determined that the size of nanorods prepared 
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using this technique increased from 80 nm x 40 nm when the particles were 
prepared at 100 °C to 150 nm x 40 nm if a preparation temperature of 150 °C 
was used. These sizes were obtained using TEM. Crystalline nanorods were 
observed as long a temperature above 100 °C was used in the preparation. 
Shao et al. showed that the crystallinity of the nanorods could be improved 
if the reaction mixture was stirred during the hydrothermal process. This 
process yields poor quality polycrystalline particles unless the solution is 
stirred during the reaction and is too time and energy intensive to be used 
as a commercial preparation. 
Yu et al. 13ý14 have also synthesised bismuth sulfide using a solvothermal 
technique. This alternate method involved the heating of a solution of BiC13 
and thiourea in an autoclave at 140 °C for 12 hours. This method pro- 
duces bismuth sulfide in the form of nanorods, which were determined to 
be crystalline by powder X-ray diffraction. A number of different solvents 
can be used and the choice of solvent affects the particle size as shown in 
Table 3.1. These sizes were measured by TEM. Yu et al. determined that 
Solvent Average nanorod dimensions / nm 
Ethanol 30 x 500 
Pyridine 20-30 x 1000-3000 
Ethylene glycol 130-200 x 3500 
Water 300 x 2250 
Table 3.1: Average size of the nanorods produced in different solvents by Yu et 
al. 13; 14, 
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bismuth sulfide is only formed in polar solvent and that the preparation of 
the particles occurs via the formation of Bi-thiourea complex and subsequent 
thermal decomposition of thiourea as outlined in the following equation: 
Bi3+ - decomposition + NH2CSNH2 8°Bi -NH2CSNH2complexes -- Bi2S3 
(3.3) 
There are a number of similar methods of preparing bismuth sulfide, including 
the thermal decomposition of bismuth ethylxanthatels, thiosulfatobismuth 
16, Bi-thiourea complexly and bismuth dithiocarbamate18. 
Chemical Bath Deposition Methods 
Chemical bath deposition is a widely studied method 19-24. In this technique, 
a substrate is immersed in a temperature controlled bath typically contain- 
ing an aqueous solution of Bi(N03)3 and thioacetamide at around pH 2. 
Deposition is normally carried out on Sn02, glass or glass pretreated with an 
organosilane substrates. Nair et al. 19; 24 have shown that films deposited on 
Sn02 conducting glass electrodes produced using this method display photo- 
sensitization, as a small increase in the current measured in a three electrode 
system when the electrode coated with bismuth sulfide is illuminated with 
light, compared to the measured current in the dark. Films of bismuth sul- 
fide on glass slides were prepared by Mane et al. 20 using the chemical bath 
technique and it was determined that the grain size increased from 6.85 nm 
to 33.86 nm, as calculated from the X-ray diffraction peaks using the Debye- 
Scherrer equation, as the deposition time was increased from 5 hours to 
25 hours. The band gap of bismuth sulfide in the films were found, from the 
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absorption spectra, to be 2.06 and 1.6 eV for the films deposited for 5 and 
25 hours respectively. Mane et al. 20 proposed the following mechanism for 
the formation of Bi2S3 in an acidic medium, such as the chemical bath: 
CH3CSNH2 + H+ -+ CH3C - NH+ + H2S 
2Bi3+ + 3H2S --* Bi2S3 + 6H+ (3.4) 
Mane and Lokhande21 reviewed the preparation of bismuth sulfide films on 
glass or tin oxide glass electrodes produced by a number of researchers using 
different chemical baths, summarised in Table 3.2. The band gaps were 
obtained from UV-Vis absorption spectra. 
Huang et al. 22 synthesised Bi2S3 thin films on glass slides pretreated with 
an organosilane using immersion in a chemical bath containing Bi(N03)3, 
triethanolamine and thioacetamide for 2 to 7 hours. Rincön et al. 23 used 
the same bath as Nair et al. 24 in order to produce bismuth sulfide thin films 
on glass or tin oxide glass electrode substrates. A photocurrent response 
was observed, but control of the band edge was difficult to obtain using this 
preparation. 
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Ref. Bath Composition pH DT / °C Deposition 
time 
Band gap / 
eV 
25 EDTA + NaOH + 
thioacetamide 
8-9 27 2.5-3 hours 1.68 
26 TEA + NH4OH + 
thiourea 
8 100 40 minutes 1.47 
27 TEA + NH4OH + 
thiourea 
9.29 - 30 minutes - 
28 TEA + thioacetamide - 27 - 1.7 
29 EDTA + Na2S2O3 2 27 9 hours 1.67 
30; 31 EDTA + thioacetamide 2 27 8 hours 1.84 
32 Na2S2O3 in CH3COOH 
or CH2O 
1.4 27 4 hours 1.9 
33 EDTA + Na2S2O3 2 60 1-6 hours 2.22-1-67 
34 TEA + thioacetamide - 27 7 hours 
35; 36 TEA + thioacetamide 8.5 24 6 hours - 
20 EDTA + Na2S2O3 2-3 27 10 minutes 1.7 
37; 38 EDTA + thioacetamide 2 6 5-25 hours 2.04-1.60 
Table 3.2: Summary of chemical bath preparations. N. B. Bi(N03)3 was used as 
the bismuth source in all the baths, the solvent used was water unless otherwise 
stated and the dashes represent unknown values. DT = deposition temperature, 
EDTA=ethylenediamine tetra-acetic acid, TEA=triethanolamine. 
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Thermal Evaporation Methods 
Films of bismuth sulfide on substrates have been prepared by Rincön et al. 23 
by thermal evaporation. This involved heating a quantity of bismuth sulfide 
to 800-900 °C above a substrate heated to a known temperature in vacuum 
conditions. Rincön et al. 23 observed limited photosensitization of a Sn02 
glass substrate using this technique. 
Reactive Evaporation Methods 
Pradeep et al. 39 prepared bismuth sulfide by reactive evaporation. This in- 
volved evaporating Bi and S in a high vacuum chamber and subsequent 
deposition of bismuth sulfide on glass or quartz substrates heated to 473 K. 
The films produced by this method are polycrystalline and have a band gap 
of 1.38 eV as determined from transmission spectra. 
Successive Ion Layer Adsorption and Reaction (SILAR) Methods 
The methods discussed above are time consuming, use complex equipment, 
involve high temperature reactions, are carried out under vacuum or employ 
complex multi-stage processes. The adaption of these techniques for depo- 
sition on high surface area substrates is difficult. The successive ion layer 
adsorption and reaction (SILAR) method can be used to sensitize Sn02 and 
nanocrystalline Ti0240 electrodes simply. This involves dipping the substrate 
in a solution of BiO+ followed by immersion in a Na2S solution. However, 
controlling the absorption spectrum of the deposit using this technique is 
difficult. 
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Arrested Precipitation Methods 
Colloidal routes to nanoparticles allow control of the size of the particles2 
and the deposition of the as-prepared particles on to nanocrystalline sub- 
strates. Hence, they represent a flexible and attractive method of achieving 
photosensitization. Suarez et al. 2 prepared bismuth sulfide nanoparticles by 
adding H2S or Na2S to a solution of Bib and Nafion in acetonitrile. This re- 
sulted in particles with an average diameter of less than 5 nm, as measured by 
TEM, and an absorption onset in the UV-Vis absorption spectra at 500 nm 
indicating the occurrence of size quantisation for these particles. These par- 
ticles were deposited on a tin oxide electrode by successively immersing the 
substrate in solutions of Na2S and Bi2S3 particles. These electrodes were 
observed to generate photocurrent under visible light with a low incident 
photon to current conversion efficiency. 
A simple route to bismuth sulfide nanoparticles has been reported by Pe- 
ter et al. 4' This method is based on the arrested precipitation technique of 
preparing CdS used by Riley et al. 42 The particles are prepared by adding 
H2S to an ethanolic solution of Bi13 and 3-mercaptopropionic acid. The 
as-prepared particles self assemble and sensitize Ti02. The particles were 
observed to have an average particle size of 4.1 nm with a broad size dis- 
tribution as determined using TEM. Photoelectrochemical experiments were 
carried out by Peter et al. 41, using 1M Na2S, 1M Na2SO3 and their mix- 
tures at different volume ratios as the electrolyte. It was discovered that 
the injection from the polydisperse Bi2S3 particles can be tuned by altering 
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the sulfide concentration 41 
This chapter will discuss the influence of the concentration of stabiliser on 
the size of the Bi2S3 particles formed and the photoelectrochemical properties 
of quantum confined bismuth sulfide modified tin oxide electrodes'. A change 
in the particle size resulting from a change in the stabiliser concentration 
of more than two orders of magnitude is shown. However only a limited 
alteration in the absorption spectrum is observed. The results are discussed 
in terms of the effective mass model of quantum confinement. The optical 
properties and the size of bismuth sulfide particles prepared from the addition 
of H2S to a solution of triphenylbismuth in THE after different stirring times 
are also studied. 
3.2 Preparation of Nanoparticles 
3.2.1 Preparation by Arrested Precipitation (Method 
1) 
Clean tin oxide glass electrodes were hydrolysed in a5 mol dm-3 potassium 
hydroxide solution and then were washed and dried. The electrodes were 
then placed in a 250 ml conical flask, conducting side up. 50 ml of anhydrous 
ethanol solution, containing 40 x 10-6 mol dm-1 BiI3 and a measured amount 
of stabiliser, was added to the conical flask. Oxygen was then removed by 
bubbling nitrogen through the vigourously stirred solution for 30 minutes. 
After injecting 0.5 cm3 of H2S, 4.2 x 10-4 mol dm-3, into the solution, forming 
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Bi2S3, the reaction mixture was stirred for 40 minutes. The electrodes were 
then removed from the solution, washed with ethanol, dried and stored. The 
stabiliser, 3-mercaptopropionic acid (3-MPA), was used in the following two 
concentrations; (A) 5x 10'4 mol dm-3 and (B) 0.1 mol dm 3. Particles 
prepared used using stabiliser concentrations A and B will be referred to as 
Bi2S3 A and Bi2S3 B respectively. 
3.2.2 Synthesis from Triphenylbismuth (Method 2) 
10 ml of a 0.02 mol dm-3 triphenylbismuth solution in THE was placed 
in a test tube, degassed with N2 and stirred for either 1 hour or 12 hours, 
followed by injection of 2.5 ml of H2S, 0.01 mol dm-3, and subsequent stirring 
of the solution for 1 hour. Samples resulting from this synthesis using initial 
stirring times of 1 hour and 12 hours will be referred to as Bi2S3 C and 
Bi2S3 D respectively. These samples were analysed using TEM and UV-Vis 
absorption spectroscopy only. 
3.3 Transmission Electron Microscopy 
Typical TEM images of Bi2S3 A and Bi2S3 B are shown in Fig-3.1 (a) and (b) 
respectively. Fig-3.1 (a) shows clear evidence of crystallinity as shown by the 
lattice fringes in the circled particles. Lattice fringes corresponding to the 
100,110,210,231 and 331 faces of Bi2S3 were observed. The average particle 
diameters of Bi2S3 A and Bi2S3 B are 4.1 ± 1.0 nm and 3.0 ± 0.6 nm respec- 
tively. These diameters are calculated by statistical analysis of the size dis- 
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Figure 3.1: TEM images of samples a) Bi2S: j A and b) Bi2S: B. 
I 
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Figure 3.2: Size distribution of samples a) Bi2S3 A and b) Bi2S3 B. 
(b)'. 
tributions displayed in Fig. 3.2. The respective number of particles measured 
for the statistical analysis from the Bi2S3 A and Bi2S3 B samples are 512 and 
256. The presence of bismuth in the particles is clearly shown by the Energy 
Dispersive X-Ray analysis spectrum, depicted in Fig. 3.3. The existence of 
sulfur is not proved by the data as the bismuth peak at 2.57 eV overlaps the 
emission frown sulfur. The X-ray data shows the absence of other elements as 







Figure 3.3: Energy dispersive X-ray Spectrum of sample Bi., S: A. 
(b) 
5 nm 10 nm 
Figure 3.4: TEM images of samples a) Bi2S3 C and b) Bi2S3 D. 
formation, above, along with the X-ray data, confirm the particles are Bi2S3. 
Fig. 3.4 shows typical TEM images of Bi2S3 C and Bi2S: D. The size 
distributions of Bi2S3 C and Bi2S3 D, depicted in Fig. 3.5, were statistically 
analysed in order to determine the average particle size and the standard 
deviation or error in this average size. The average particle diameters for 
Bi2S3 C and Bi2S3 D were found to be 2.1 f 0.5 and 4.4 ± 1.2 nm as 
measured from 153 and 45 particles respectively. 
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Figure 3.5: Size distribution of samples a) Bi2S: j C and b) BiAS; 3 D. 
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Figure 3.6: Energy dispersive X-ray Spectrum of sample Bi2S;; D. 
Fig. 3. G (lisplays the Energy Dispersive X-Ray analysis spectrum of Bi2S3 D 
and clearly shows the presence of bismuth in the sample. The presence of 
sulfur i, not confirmed in this spectruuº as the sulfur peak is obscured by the 
bisinut lu peak at 2.57 eV. 
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3.4 UV-Vis Spectroscopy 
Fig. 3.7 displays the UV-Vis spectra for the Bi2S3 A and Bi2S3 B particles. As 
the particles are polydisperse, estimates of the band gap are obtained from 
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Figure 3.7: UV-Vis Spectra of a) Bi2S3 A and b) Bi2S3 B. 
Bi2S3 A and Bi2S3 B particles have estimated band gaps of 1.6 and 1.7 eV 
respectively. The UV-Vis spectra for the Bi2S3 C and Bi2S3 D particles 
are illustrated in Fig. 3.8. The band gaps for Bi2S3 C and Bi2S3 D were 
estimated to be 1.51 and 1.52 eV respectively according to the method used 
for polydisperse particles in solution as discussed in section 2.2. 
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Figure 3.8: UV-Vis Spectra of the Bi2S3 C and Bi2S3 D samples. 
3.5 Electrophoresis 
The Hückel model was used to calculate the zeta potential from the measured 
mobilities as the particle size was less than the Debye length. The zeta 
potentials of the particles, found by electrophoresis, were -65.9 ± 2.6 mV 
and -25.7 ± 6.0 mV for the Bi2S3 A and Bi2S3 B particles respectively. By 
assuming the reaction of BiI3 with H2S goes to completion, the number of 
particles synthesised for each of the samples can be estimated and the total 
surface area can be calculated. This leads to the estimation of zeta potential 
per unit area to be -4300 mV m'2 and -1218 mV m-2 for the Bi2S3 A and 
Bi2S3 B particles respectively. From these estimates, it can be concluded 
that the surface of Bi2S3 A particles are more negatively charged than the 
surface of Bi2S3 B particles. This implies that the larger Bi2S3 A particles 
are coated with more 3-MPA molecules than the Bi2S3 B particles. However, 
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the opposite of this is expected, as the higher concentration of 3-MPA used in 
the preparation of Bi2S3 B particles terminates particle growth earlier than a 
low concentration of 3-MPA, by attaching more 3-MPA molecules to growth 
sites. As the I- ions from the Bib precursor, the higher negative charge 
observed for the Bi2S3 A particles could be due to high adsorption of the I- 
ions on the particle compared to the Bi2S3 B particles, which have less sites 
available for I- ion adsorption due to the higher concentration of 3-NIPA 
molecules of the surface. 
3.6 Photocurrent-Potential Curves 
Fig. 3.9 shows a current vs. potential curve for an electrode that was coated 
with Bi2S3 A and illuminated with chopped irradiation. It can be seen that 
there are two different phototransient responses. An immediate rise to a 
steady anodic photocurrent when the light was switched on and a rapid 
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Figure 3.9: Photocurrent voltage curve of an electrode modified with Bi2S3 A 
nanoparticles. The potential was scanned from positive to negative potentials at 
a rate of 1 mV s-1 with the incident light chopped at 0.1 Hz. 
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decay to zero photocurrent on switch off is displayed in the current transient 
at potentials greater than -0.15 V. In contrast, at potentials less than -0.15 V, 
a slow decay transpires after the abrupt rise in anodic photocurrent that 
happens when the light is switched on and at switch off a cathodic current 
flows that relaxes to zero. 
3.7 Photocurrent Spectroscopy 
The IPCE spectra, recorded at 0V vs AgjAgC113 mol dm-3 KCI, for Bi2S3 A 
and Bi2S3 B particles are shown in Fig. 3.10. The band gaps are 1.63 ± 0.03 
and 1.71 f 0.03 eV for Bi2S3 A and Bi2S3 B nanoparticles respectively. At a 
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Figure 3.10: Photocurrent spectra of a) Bi2S3 A and b) Bi2S3 B. 
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3.8 Discussion 
A significant change in the mean particle diameter of approximately 25% has 
been achieved by reducing the stabiliser concentration 200 times, demonstrat- 
ing that the size of Bi2S3 particles prepared by arrested precipitation may be 
controlled by changing the stabiliser concentration. However, only a small 
shift in the bandgap, 1.63 ± 0.03 eV to 1.71 ± 0.03 eV, results from a marked 
change in mean particle diameter, 4.1 ± 1.0 nm to 3.0 ± 0.6 nm. The effec- 
tive mass model of quantum confinement43'44 may be used to estimate the 
dependence of semiconductor bandgap, E*, on the particle size according to 
equation 1.11. The electronic properties of Bi2S3 have not been well studied. 
The density of states relative electron effective mass of Bi2S3 has been calcu- 
lated as 0.683. Measurements indicate that the effective mass is anisotropic 
and is approximately 2.2 along the a-axis and 0.6 along the c-axis, therefore 
an effective mass of an electron of 0.68 probably represents a lower limit. 
The high frequency relative dielectric constant is 10.945. As the p-doped 
material is impossible to make46, the effective mass of a hole in bismuth sul- 
fide is uncertain. The band gap of Bi2S3 as a function of particle size, using 
mh in the range 0.8 - 2.4, and a bulk band gap of 1.57 eV is displayed in 
Fig. 3.11. The range of mh used was defined by the values that would fit the 
data for the Bi2S3A sample, within experimental error. From calculations 
using equation 1.11, a change in band gap of 0.1 eV on a increase of particle 
size from 2.9 nm to 4.1 nm requires a hole effective mass of 2.4. The band 
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Figure 3.11: CdS and Bi2S3 semiconductor band gap dependence on particle size, 
calculated using the effective mass model of quantum confinement. e= 10.9, me 
= 0.68 and mh = 0.8 (-), 1.6 (" " ") or 2.4(- - -) for Bi2S3. e=5.6, me = 0.19 
and mh = 0.8 for CdS(" - "). 
as a function of particle size is also shown in Fig. 3.11 as a comparison. The 
change of band gap with particle size for Bi2S3 is much slower than that for 
CdS, as bismuth sulfide has a low electron mobility. 
The photocurrent transients of electrodes coated with CdS particles ex- 
hibit similar potential dependent behaviour to that shown by an electrode 
coated with Bi2S3 A in Fig. 3.94". These results indicates that at approxi- 
mately -0.15 V vs. AglAgC113.0 mol dm-3 KCI, there is a hole accepting state 
on Bi2S3. An electron is promoted from the valence band to the conduction 
band of the semiconductor upon illumination with supra-band gap irradia- 
tion. The photoexcited electron is transferred to the tin oxide substrate and 
the valence band hole is trapped in, or oxidises, the surface state. The surface 
67 
trap lies higher in energy than the Fermi level of the tin oxide, at potentials 
greater than -0.15 V. Therefore, the majority of holes are captured by the 
electrolyte and an anodic current flows. At potentials less than -0.15 V, the 
trap state is at lower energy than the Fermi level of the substrate. Hence, 
two electron transfer processes exist in competition. These processes are the 
hole capture by the electrolyte and the electron transfer from the substrate 
to the oxidised trap state, termed back electron transfer. Initially, there are 
no holes trapped in the surface states in Bi2S3i so the first excited electron 
produced in each particle is unlikely to undergo back electron transfer. Af- 
ter this, holes are trapped in the surface state and back electron transfer 
occurs, decreasing the photocurrent until the population of holes trapped in 
the surface is constant. This results in a sharp photoanodic peak occurring 
in the photocurrent transient when the light is switched on, followed by a 
decay in the photocurrent to a lower constant value, as found in the observed 
transients. After the light is turned off, the back electron transfer process is 
continued giving rise to the cathodic current observed. The electron transfer 
processes observed at potentials less than -0.15 V are shown schematically 
in Fig. 3.12. 
Comparison of the particle sizes and the band gaps found from the TEM 
images and absorption spectra of the Bi2S3 C and Bi2S3 D indicates that the 
band gap is extremely difficult to tune by changing the size of the nanopar- 
titles. The absorption properties of Bi2S3 nanoparticles can not be tuned to 
match the solar spectrum due to the limited change in band gap with particle 




Figure 3.12: A schematic of the charge transfer processes occurring in Bi2S3 
coated electrode in electrolyte system. SS =a surface state, R= reduced form 
of the electrolyte hole scavenger, 0= oxidised form of the electrolyte hole scav- 
enger, kt, k, ke, kh and kb = the rate constants of trapping a hole in the surface 
state, recombination, electron transfer, hole transfer and back electron transfer 
respectively. 
3.9 Summary 
Bismuth sulfide nanoparticles have been prepared by an arrested precipita- 
tion technique. These particles exhibit photocurrent properties and a hole 
trapping surface state was observed at -0.15 V. However the band gap was 
determined to undergo a limited change upon changing the particle size, 
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Chapter 4 
Preparation of Cadmium 
Sulfide, Ruthenium Sulfide and 
Copper Sulfide Nanoparticles 
in Oleylamine 
4.1 Introduction 
In 2003 Joo et al. ' reported a general method for synthesising metal sulfide 
nanoparticles. This method involved preparing metal-oleylamine complexes 
by heating the metal chloride in oleylamine and then adding a solution of 
sulfur in oleylamine, followed by further heating. Monodisperse crystalline 
nanometer sized particles of CdS, PbS, ZnS and MnS have been produced by 
Joo et al. using this method. In the case of cadmium sulfide, this resulted 
in nanorods, with an average thickness of 5.4 nm and an average length of 
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20 nm when a cadmium to sulfur ratio of 1: 6 was used, or spherical particles, 
with an average diameter of 5.1 nm when a cadmium to sulfur ratio of 2: 1 
was used. The sizes of the particles were measured using TEA1. Absorption 
spectroscopy indicated that the spherical CdS particles had a band gap of 
2.63 eV. The above method was used to prepare 13 nm diameter PbS parti- 
cles, 11 nm diameter ZnS particles and 5.1 nm diameter CdS particles and 
excitonic peaks at 310 nm and 472 nm were observed for the ZnS and CdS 
particles respectively. The sizes were found from TEM images. No photoelec- 
trochemical properties of particles prepared from this method and deposited 
on an electrode have been reported. This synthesis will hereafter be referred 
to as the oleylamine method. 
4.1.1 Compounds to be prepared using the oleylamine 
method 
The oleylamine method appeared to be a simple way of preparing nanopar- 
ticles of any metal sulfide. Here cadmium sulfide, ruthenium sulfide and 
copper (I) sulfide nanoparticles were prepared using this method and the 
properties of these particles studied. As the oleylamine method was used to 
prepare cadmium sulfide by Joo et al. ' and the properties of CdS nanoparti- 
Iles have been widely investigated, cadmium sulfide particles were prepared 
using the oleylamine method as a preliminary test of the method. Previous 
work on CdS deposited on an electrode has been discussed in section 1.2.4. 
Ruthenium sulfide and copper (I) sulfide nanoparticles prepared using the 
76 
oleylamine method were studied as these particles have not been previously 
prepared using the oleylamine method and have appropriate physical proper- 
ties for use as sensitisers in solar cells, as discussed below. The preference for 
copper (I) sulfide nanoparticles over copper (II) sulfide nanoparticles is also 
discussed. Ruthenium sulfide may be a suitable sensitiser for use in a solar 
cell as it has been reported that the bulk band gap is 1.3 eV2. Ruthenium 
sulfide is also known to be very photostable. Copper (I) sulfide and copper 
(II) sulfide nanoparticles have been prepared by a variety of methods. As 
copper (I) sulfide has a band gap of 1.21 eV3 and copper (II) sulfide has a 
band gap of 2 eV4, Cu2S particles are the preferred particles to synthesise 
for the sensitisation of Ti02 in solar cells. 
4.1.2 , Ruthenium Sulfide 
A variety of methods have been employed to produce RuS2 nanoparticles and 
thin films in order to study the photocatalytic and phötocurrent properties 
of the particles. 
4.1.3 Ruthenium Sulfide Syntheses 
Electrodeposition Methods 
Gurunathan et al. 5 prepared RuS2 thin films by electrodeposition on Ti and 
conducting glass substrates. This method involved cathodic deposition on 
the substrates in a bath containing RuC13, Na2S2O3 and Na2SO4 and resulted 
in a poly-crystalline thin film with a band gap of 1.48 eV. The average size 
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of the grains in the film was determined to be 3 pm using SEM. Due to the 
large size of the grains, the observed band gap was expected to be the bulk 
band gap, however, an unexplained difference between the measured band 
gap and the bulk band gap of 1.3 eV was found. 
Solution Methods 
Hara et al. 6 and Jobic et al. 7 synthesised RuS2 particles on Si02 by depositing 
RuC13 on Si02 followed by exposure to H2S gas at 400 °C. Hara et al. 6 
reported on the photocatalytic properties of RuS2 on SiO2 with respect to 
water decomposition. Adsorption of hydrogen on ruthenium sulfide prepared 
by this method was discussed by Jobic et al. ". 
Passeretti et al. s employed the reaction between H2S gas and (NH4)2RuClg 
in order to prepare ruthenium sulfide. This resulted in a poorly crystallised 
material. Crystallisation of the material was observed after annealing at a 
temperature of 350 , 
°C or higher, which resulted in crystals with an esti- 
mated size of 2.6 nm, as calculated from the X-ray diffraction peaks using 
the Debye-Scherrer equation. 
RuS2 nanoparticles have been synthesised by bubbling hydrogen sulfide 
through RuC13 solutions in water and sulfolane by Ashokkumar et al. 2. The 
particles had an estimated average size of 10 nm, as calculated from the 
X-ray diffraction peaks using the Debye Scherrer equation. These particles 
were deposited on Ti02 electrodes and the absorption, photoluminescence 
and photocurrent spectra of these electrodes were studied. The photocurrent 
spectra displayed a low sensitisation efficiency, while broad features were 
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observed in the absorption and photoluminescence spectra indicating a broad 
size distribution. 
Reverse Micelle Methods 
Hirai et al. 9 prepared ruthenium sulfide nanoparticles, smaller than 3 nm in 
size, in a reverse micelle system. This synthesis involved the injection of H2S 
gas into a reverse micellar system consisting of bis(2-ethylhexyl)sulfosuccinate 
(aerosol OT, AOT), water containing RuC13 and iso-octane. The result- 
ing particles were then immobilised on polystyrene particles modified with 
a thiol. This resulted in particles with a diameter of less than 3 nm as 
measured by TEM. The photocatalytic properties of the ruthenium sulfide 
particles have been reported by Hirai et al. 9. 
4.1.4 Copper Sulfide 
A number of methods have used in order to prepare copper (I) sulfide nanopar- 
titles. 
4.1.5 Synthetic Methods for producing Copper (I) Sul- 
fide 
Solvothermal Methods 
Lu et al. lo; 11 employed an organic ligand assisted solvothermal method in 
order to synthesise Cu2S nanoparticles. This technique involved the dissolu- 
tion of triethylenediamine, trimethylethylenediamine or di-n-butylamine in 
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a thiourea solution and addition of CuCI followed by heating the resultant 
mixture to 110 °C in a Teflon lined bomb. Nanorods, nanotubcs and nanopar- 
ticles consisting of polycrystalline Cu2S were produced by this method de- 
pending on the organic ligand used, as detailed in Table 4.1, the sizes were 
determined via TEM. The particles were shown to consist of copper (I) sulfide 
Stabiliser Morphology Dimensions 
triethylenediamine nanorods 120 x 2000 nm 
trimethylethylenediamine nanotubes ¢ 40 - 200 nm, 1 400 - 4000 nm 
di-n-butylamine nanovesicles between 50 and 180 nm 
Table 4.1: Morphologies of copper (I) sulfide particles prepared by Lu et at. 10 31. 
from the selected area electron diffraction pattern. The UV-visible spectra 
of Cu2S produced by this method have been reported and showed a peak at 
555 nm. 
Preparations in Microemulsions 
ci. 
Copper sulfide nanoparticles have been synthesised in water-in-oil microemul- 
sions by Haram et al. 12. A copper ammonia complex and thiourea were emul- 
sified in a non-ionic surfactant solution (such as polyoxyethylene teoctylphenyl 
ether, polyoxyethylenes and sodium dodecyl sulfate) in cyclohexane or toluene. 
These emulsions were then stabilised by the addition of 2-methylpropan-l-ol 
and the copper sulfide particles were produced by mixing the thiourea and 
copper ammonia complex containing microemulsions. This resulted in copper 
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sulfide particles with a band gap of 2.6 eV, as determined from the absorp- 
tion spectra12. The authors inferred, from comparison with other absorption 
spectra, that copper (I) sulfide particles were produced. The particles are 
thought to form on the inside wall of a polyoxyethylene teoctylphenyl ether 






Figure 4.1: Schematic of the formation of Cu2S particles on the inner wall of 
polyoxyethylene teoctylphenyl ether inverse micelles. POE = polyoxyethylene. 
Solution Methods 
Kore et al. i; reported the disproportionation of Cu2S nanoparticles in aque- 
ous solutions. Copper (I) sulfide was prepared from mixing copper acetate 
with sodium sulfide in aqueous solution. Absorption spectra of the resulting 
particles were measured by Kore et al. 13 over a period of time. In the spectra 
an increase over time in the peak height for a feature that corresponded to 
CuS was observed. It was suggested that the Cu2S particles were gradually 
decomposing to CuS. Kore et al. 13 analysed these results to find the rate 
constant of this decomposition to be 3.72 x 10 -s s-i, assuming the following 
reaction: 
Cu2S - CuS + Cu° (4.1) 
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This chapter will discuss the preparation and characterisation of cadmium 
sulfide, ruthenium sulfide and copper sulfide nanoparticlcs. The as-prepared 
particles were deposited on tin oxide electrodes and the photocurrent re- 
sponse of the particles prepared using the oleylamine methods investigated. 
4.2 Preparation of Nanoparticles 
4.2.1 Preparation of Particles 
In a dry box, 2.5 ml of oleylamine was added to each of two vials containing 
a known amount of i) sulfur and ii) CdNO3.4H20, RuCl3 or Cul respectively. 
The vials were then heated to 90°C for 30 mins and then mixed. The resulting 
mixture was then heated to NOT for 1 hour. After being allowed to cool 
to room temperature, 50 ml ethanol was added and the solution was filtered 
through a 350 µm nylon filter. The resulting solid was resuspended in hcxanc. 
The quantities of the chemicals used in the preparation of cadmium 
sulfide, ruthenium sulfide and copper sulfide nanoparticles are outlined in 
Table 4.2 
Heavy Metal Source wt of heavy metal source /g wt of S used /g 
CdNO3.4H20 0.1575 0.0082 
RuC13 0.0522 0.008 
Cu! 0.195 0.0325 
Table 4.2: Quantities of chemicals used in the preparation of CdS, RuS and CuS 
nanoparticles. 
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4.2.2 Deposition on Conducting Tin Oxide Glass 
Clean tin oxide coated glass slides were hydrolysed in 5 mol dm-3 potas- 
sium hydroxide solution for ca. 2 hours, washed and dried. The slides were 
then immersed, face up, in a 10 % 3-mercaptopropyltrimethyl silane solution 
overnight in order to obtain an -SH functionalised surface, washed and dried. 
Then the slides were placed in a solution containing the nanoparticles to be 
deposited for 4 days and then washed and dried. 
4.3 Characterisation 
4.3.1 UV-Vis Spectroscopy 
Fig. 4.2 displays the UV-Visible spectra of the cadmium sulfide, ruthenium 
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Figure 4.2: UV-Vis spectra of a) CdS, b) RuS and c) CuS nanoparticles. 
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to the scattering of light by the particles in solution. - The band gaps of the 
materials have been estimated from the wavelength of the absorption edge 
using equation 2.3 as outlined in section 2.2 and are shown in Table. 4.3. 
Material Absorption 




Band gap from litera- 
ture / eV 
Cadmium Sulfide 515 2.41 2.42 
Ruthenium Sulfide 800 1.4 1.3 
Copper Sulfide 485 2.56 1.2 
Table 4.3: Estimated band gaps of materials prepared using the oleylamine 
method. 
4.3.2 Transmission Electron Microscopy 
Typical TEM images of cadmium sulfide, ruthenium sulfide and copper sul- 
fide nanoparticles are shown in Fig. 4.3. Table. 4.4 displays the average parti- 
cle size of the materials produced as calculated by statistical analysis of the 
size distributions illustrated in Fig. 4.4. The number of particles used in the 
calculation are also included in the table and the errors were calculated as 
the standard deviation of the sample. 
The Energy Dispersive X-Ray analysis spectra of cadmium sulfide, ruthe- 
nium sulfide and copper sulfide are displayed in Fig. 4.5. 
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Figure 4.3: TEM images of a) CdS, b) RuS and c) CuS nanoparticles. 
Material Particle diameter / nm sample size 
Cadmium Sulfide 7.4 ± 0.9 388 
Ruthenium Sulfide 1.4 ± 0.5 361 
Copper Sulfide 39.4 ± 16.8 481 
Table 4.4: Average particle diameter of cadmium sulfide, ruthenium sulfide and 















0. -_ Avg s_ý Tai 
0.0 06 1.0 1.5 20 20 70 3.8 4.0 






40 w !0 100 
Particle size I nm 
Figure 4.4: Size distributions of a) CdS, b) RuS and c) CuS nanoparticles. 
These confirm the presence of the components of the compounds. The 
copper peaks in the cadmium sulfide spectrum are present as the supporting 
grid is composed of copper. Nickel peaks were observed in the ruthenium 
sulfide spectrum, as a nickel grid was used. A nickel grid was used to support 
the copper sulfide particles, therefore the copper peaks in Fig. 4.5c are due 
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Figure 4.5: Energy dispersive x-ray analysis spectra of a) CdS, b) RuS and c) 
CuS nanoparticles. 
4.3.3 Powder X-Ray Diffraction 
Fig. 4.6 shows the powder X-ray diffraction pattern obtained from cadmium 
sulfide, ruthenium sulfide and copper sulfide particles and the known X-ray 
diffraction pattern of hexagonal CdS particles is also shown. This demon- 
strates that the cadmium sulfide particles are crystalline, while the ruthenium 
sulfide and copper sulfide particles are amorphous. The CdS particles have 
a hexagonal lattice structure as shown by the match between peaks in the 
measured powder X-ray diffraction pattern for the CdS particles and the 
known X-ray diffraction pattern of CdS with a hexagonal structure. 
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Figure 4.6: Powder X-ray diffraction patterns of a) CdS, b) theoretical pattern 
for hexagonal CdS crystals found in the EVA analysis software, c) RuS and d) CuS 
nanoparticles. 
4.3.4 XPS 
In order to prepare Cu2S using the oleylamine method, the reaction of ele- 
mental sulfur and a copper (I) salt in oleylamine during heating is employed. 
Disproportionation of Cu (I) in the resultant particles may occur in solu- 
tion producing CuS with Cu(O) instead of Cu2S according to the following 
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equation: 
Cu2S k+ CuS + Cu° (4.2) 
X-ray photoelectron Spectroscopy (XPS) has therefore been employed in or- 
der to determine the oxidation state of the copper. 
XPS measurements of etched and non-etched copper sulfide particles de- 
posited on a glass slide using Al and Mg sources of x-rays are shown in 
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Figure 4.7: X-Ray photoelectron spectra a) before etch (i) complete scan and ii) 
scan over binding energy of 900 keV to 1000 keV) and b) after etch (i) complete 
scan and ii) scan over binding energy of 900 keV to 1000 keV) of CuS nanoparticles 
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Figure 4.8: X-Ray photoelectron spectra a) before etch (i) complete scan and ii) 
scan over binding energy of 900 keV to 1000 keV) and b) after etch (i) complete 
scan and ii) scan over binding energy of 900 keV to 1000 keV) of CuS nanoparticles 
using Mg X-ray source. 
tical Surface Analysis by Briggs and Seah14. These results are discussed in 
detail in section 4.5. 
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4.4 Photoelectrochemistry 
4.4.1 Photocurrent Spectroscopy 
Tin oxide electrodes coated with CdS, RuS2 and copper sulfide particles, 
in a three electrode system using a pH 12 electrolyte solution consisting of 
Na2SO3, were tested for photocurrent activity using applied voltages between 
-0.3 and 0.3 V and light with a wavelength of 450 nm. No photocurrent re- 
sponse has been observed from tin oxide coated with cadmium sulfide, ruthe- 
nium sulfide or copper sulfide particles prepared by the oleylamine method. 
4.5 Discussion 
The measured band gap of the CdS nanoparticles was found to be 2.41 eV. 
As the bulk band gap of CdS is 2.42 eV, it is clear that no size quantisa- 
tion effects are observed. This occurs because the diameter of the particles 
(7.4 ± 0.9 nm as determined from TEM images) is more than double the 
Bohr radius of CdS (3 nm) 15. The ruthenium sulfide nanoparticles are quan- 
tum confined as the band gap of the particles (1.4 eV) are greater than the 
bulk gap of the material (1.3 eV)2. The bulk band gaps of Cu2S and CuS 
are 1.21 and 2 eV respectively 3; 4, therefore the copper sulfide particles must 
be quantum confined as the measured band gap was 2.56 eV. Correlating the 
band gap, E*, to the particle size of ruthenium sulfide and copper sulfide 
particles using the effective mass model of quantum confinement 16; 17 accord- 
ing to equation 1.11 has proved to be difficult due to the lack of data on 
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the effective masses of electrons and holes for these materials. A broad size 
distribution was observed for copper sulfide particles whereas ruthenium sul- 
fide and cadmium sulfide particles displayed narrow size distributions. This 
could be due to small copper sulfide particles forming aggregates of random 
sizes and the TEM images only displaying these aggregates. 
The energy dispersive X-ray analysis spectra displayed in Fig. 4.5 demon- 
strate the presence of Cd and S in the CdS sample, Ru and S in the RuS2 
sample and Cu and S in the copper sulfide sample. 
It can be seen from the X-ray powder diffraction pattern of the CdS parti- 
Iles illustrated in Fig. 4.6a, that the cadmium sulfide particle are crystalline. 
The powder X-ray diffraction patterns displayed in Fig. 4.6b and c indicate 
that the ruthenium sulfide and copper sulfide particles are probably amor- 
phous, however, it should be noted that owing to it being difficult to prepare 
large amounts of these nanoparticles, the failure to measure a diffraction 
pattern could simply reflect the low concentrations used. 
The X-ray photoelectron spectra of the copper sulfide measured using X- 
rays from Al and Mg sources, Figs. 4.7 and 4.8, show the presence of copper, 
iodine, carbon, nitrogen and oxygen. The Nis peak occurring at a binding 
energy of 399 eV in all the XPS spectra indicates the presence of an amine in 
the sample. Therefore oleylamine is present in the copper sulfide particles. A 
decrease in the oxygen peak after etching with argon ions is observed due to 
less oxygen being trapped in the sample. The quantity of iodine from the Cu! 
precursor present in the sample is shown to decrease after etching by a drop 
and I3d2 peaks. This suggests that the iodide ions are mainly in the I3d§ 22 
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found on the surface of the particles hinting at an excess of copper at the 
surface. The oxidation state of copper in the sample can be determined by 
the position and nature of the Cu2p peaks at approximately 930-940 and 950- 
960 eV. The presence of peaks at 933 and 935 eV with shake up features in 
the spectrum acquired using a Mg source before ion etching can be attributed 
to a mix of Cu (I) and Cu (II) species. After etching only a peak at 933 eV 
is observed indicating the presence of Cu (I). It should be noted that it is 
difficult to differentiate between'Cu (I) and Cu 0), however the Anger peak 
at a binding energy of 340 keV in the spectrum acquired using a Mg source, 
suggests the presence of Cu (I). The spectra measured using the Al source 
confirm these results. The Auger peal for Iodine is shifted 233 eV higher 
in binding energy in the spectra acquired "using the' Al source compared to 
the spectra mea. ured using a"Mg 'source. ' The same effect is'seen in' the 
cöpper' Aügei 'peak. " These' iesults iincicäte tliät''the''suifäce'of: the `paiticles 
was 'partially öxidised' after the preparation 'of the particles as the copper 
I oms iri the' centei of the particles' are in ' the' +116xidation state and copper 
(I) and copper (II) are present on the surface of the particles. The X-ray 
pliötöelectron 'spectra d6' not show the " presence `of sulfur fin ý the. sämple, -'in 
contrast to the EDAX spectrum of the copper sulfide particles., 
VI''Therabsence of photocurrent from the particles prepared -byIthe, oley--. i 
lamine method is not due to the particles not being deposited as coatings of 
4 uthenium sulfide. and cadmium sulfide are . visibly 
detectable on the surface, 
of tin oxide electrodes, as shown in Fig. 4.9. As it is known from the position 





Figure 4.9: Photograph displaying visual comparisons of a) CdS, b) ruthenium 
sulfide and c) copper sulfide coated tin oxide electrodes with a clean tin oxide 
electrode, shown to the right of each coated electrode. 
the electrolyte employed, it is clear that for the CdS particle, the oleylamine 
coating on the particles blocks the injection of electrons. The lack of pho- 
tocurrent in the ruthenium sulfide particles can be explained by electrons 
from the nanoparticles not being transferred to the tin oxide either because 
of the long alkyl chain length of the oleylamine coating blocking the transfer 
or the conduction band of the nanoparticles being lower in energy than the 
Fermi level of the tin oxide, as shown in Fig. 4.10. Copper sulfide particle 
could exhibit an absence of photocurrent due to the above reasons or the 
lack of particles deposited on the surface of the tin oxide electrode, as there 
is no visual evidence of deposition. Oleylamine probably does not effectively 
coat the large copper sulfide particles that were observed, as the preparation 
of the particles was carried out using the capping agent as the solvent and 
high quantities of capping agent typically result in small particles. This ex- 
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poses the surface of the copper sulfide particles to oxidation processes which 
may result in a CuO layer being formed on the particle surface. This CuO 
layer could prevent photocurrent from being observed. The amine capping 
agent may not produce hole trapping surface states, therefore, the direct re- 
combination of an excited electron and a hole may prevent the observation 
of photocurrent for cadmium sulfide, ruthenium sulfide and copper sulfide. 
Sn02 Electrolyte Counter tiectroae 
fR' 
Figure 4.10: Schematic of the electron transfer process that is blocked if the 
conduction band of the nanoparticle is lower than the Fermi level of the tin oxide 
electrode. 
4.6 Summary 
Cadmium sulfide, ruthenium sulfide and copper sulfide particles have been 
prepared using the oleylamine method. The amorphous ruthenium sulfide 
and copper sulfide particles show size quantisation effects. Bulk optical prop- 
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erties are displayed from the crystalline cadmium sulfide particles. However 
no photocurrent has been observed from these particles when deposited on 
tin oxide glass electrodes. These particles are not ideal sensitisers for a solar 
cell as their band gaps are too large and size control using this method is 
difficult. 
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Cadmium selenide has a bulk band gap of 1.71 eV I. Nanoparticles of CdSe 
have been widely studied as a replacement for dyes in dye sensitised solar 
cells, since cadmium selenide is known to absorb light of higher energy than 
its band gap efficiently and the absorption spectrum covers most of the vis- 
ible spectrum2; 3. Cadmium selenide nanoparticles have been prepared by 
a variety of methods. Optical and photoelectrochemical properties of these 
particles have also been reported. 
5.1.1 Methods of Preparing CdSe 
Chemical Bath Deposition Techniques 
Thin films of CdSe nanoparticles have been prepared by chemical bath depo- 
sition techniques. Gorer and Hodes4 prepared CdSe particles on glass sub- 
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strates by placing the substrate in an aqueous solution containing CdSO4i 
potassium nitriloacetate and Na2SeSO3 with an excess of Na2SO3. The di- 
mensions of the product were temperature dependent. Particles with an 
average diameter of 4 nm, as measured from TEM images, and a band gap of 
2.2 eV were produced when a deposition temperature of 10 °C was used. If 
the deposition temperature was increased to 40 °C, particles with an average 
diameter of 5 nm, as measured using TEM, and a band gap of 2.07 eV were 
observed. Lifshitz et a!. 5 studied the photoluminescence of CdSe particles de- 
posited on glass substrates using the same method as Gorer and Hodes4. The 
photoluminescence spectra of the CdSe particles prepared by Lifshitz et al. ' 
displayed a red-IR emission band at 1.43 eV for particles with an average 
diameter of 6 nm, as measured by TEM. The presence of an emission band 
with a lower energy than the band gap is likely due to the recombination of 
an electron with a hole trapped in a surface state arising from incomplete 
surface passivation of the particles by the capping agent, nitriloacetate. The 
synthesis of CdSe particles on a substrate outlined by Gorer and Hodes4 
was employed by Shen et al. 6 to prepare nanocrystalline Ti02 electrodes 
coated with CdSe nanoparticles with an average size of 6 nm, as calculated 
from the X-ray diffraction peaks using the Debye-Scherrer equation. Pho- 
tosensitisation of the Ti02 electrodes was observed by Shen et al. 7 using 
photocurrent spectroscopy and a band gap of 2.1 eV was reported. Pejova 
et a1.8; 9 deposited CdSe on glass and polyester substrates from a chemical 
bath consisting of an aqueous solution of CdNO3i ammonia buffer solution 
and Na2SeSO3. Particles with an average radius of 2.6 nm, as calculated from 
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the X-ray diffraction peaks using the Debye-Scherrer equation, and a band 
gap of 2.08 eV were observed by Pejova et a1.8. The following mechanism 
was proposed for the formation of the CdSe particles by Pejova et a!. 8: 
NH3 + H2O NHä + OH- 
Cd 2+ + 4NH3 [Cd(NH3)4]2+ 
SeSO3- + H2O TA- H2Se + SO (5.1) 
H2Se + OH- H2O + HSe 
HSe- + OH- H2O + HSe2 
Cd2} + See- ' CdSe 
CdSe nanoparticles were deposited on a conducting glass substrate coated 
with colloidal Ti02 by Fang et al. 10 using a chemical bath containing cad- 
mium acetate, triethanolamine, ammonia and sodium selenosulfate with an 
excess of sodium sulfite. This resulted in Ti02 films coated with CdSe parti- 
cles of less than 7 nm in diameter, as measured by atomic force microscopy 
(AFM), and with a band gap of 610 nm. Fang et a!. 10 recorded the pho- 
tocurrent spectrum of Ti02 electrodes coated with CdSe particles. 
Solution Methods 
A number of simple chemical methods to prepare CdSe nanoparticles have 
been reported. Yochelis and Hodesll studied the synthesis of CdSe particles 
from an aqueous mixture of CdSO4 and sodium seleno sulfate. This method 
produced particles with an average size of 3.1 nm, as measured using TEA1, 
that displayed lattice fringes matching those of CdSO3 or CdSe. Yochelis and 
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Hodes" suggested two possible reaction pathways; the hydrolysis of SeS03- 
to HSe- (equation 5.2) or complex formation between SeSO3- and CdSO3 
followed by decomposition of the complex (equation 5.3). 
SeSO'- + OH- --> HSe- + SO' 
CdSO3 + HSe -º CdSe + HSO3 (5.2) 
SO3Cd + Se - SO3 -º SO3Cd - Se - SO3 
SO3Cd - Se - SO2- + OH" -º CdSe + SO2- + HSO3 (5.3) 
CdSe particles stabilised with mercaptoacetic acid and coated with poly 
(diallyldimethyl-ammonium chloride) (PDDA) or poly (sodium-p-styrene sul- 
fonate) (PSS) polyelectrolytes were prepared by Zhang et al. 12 by refluxing 
an aqueous solution of cadmium acetate, mercaptoacetic acid and Na2SeSO3 
followed by dropping the resulting solution of 2 nm CdSe particles into a 
PDDA or PSS solution. The size of the particles was measured by TEM. 
The photoluminescence spectra displayed a sharp excitonic emission peak at 
475 nm and a broad emission peak from trap states at 585 nm. The pho- 
toluminescence was enhanced with addition of PDDA to the particles. This 
result demonstrates that the hole trapping surface state formed if a thiol is 
used as the stabiliser, which partially blocks the recombination of an electron 
and a hole in an exciton, is prevented from trapping hole by the addition of 
PDDA, resulting in the enhancement of the photoluminescence. Ma et al. 13 
prepared CdSe particles capped with polyvinyl alcohol (PVA) by stirring an 
aqueous solution of CdC12, PVA and sodium selenosulfate. These particles 
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were deposited on a glass substrate by evaporating the solvent. This resulted 
in particles with an average diameter of 4.3 nm, as measured from TEb1 im- 
ages, and a band gap of 2.19 eV 13. A synthesis involving the mixing of an 
aqueous solution of selenourea with sodium sulfite to keep the solution stable 
with an aqueous solution of CdClz with a complexing agent was employed 
by Yamamoto et al. 14 in order to precipitate CdSe particles. This resulted 
in particles of 0.7. um in diameter, as measured by SEM, and a band gap of 
1.79 eV. Sondi et al. 15 prepared CdSe particles coated with aminodextran 
by mixing an aqueous solution containing CdC12 and aminodextran with an 
aqueous Na2Se or selenourea solution. This resulted in particles of an average 
diameter between 2 nm and 4 nm, with the small particles occurring when 
a large concentration of aminodextran was used and large particles being 
formed when a small concentration of aminodextran was employed Is. 
CdSe particles were prepared in solution by Rogach et at. 111 by injecting 
an aqueous solution of NaHSe into a solution of Cd(C104)2.6Hz0 and a 
stabiliser, such as 2-mercaptoethanol, 1-thioglycerol or thioglycolic acid, in 
water and then refluxing the mixture for several hours. Particles of diameters 
between 1.4 and 2.2 nm were prepared if 2-mercaptoethanol or 1-thioglycerol 
was used as the stabiliser. If the stabiliser used was thioglycolic acid, the 
size of the particles was found to be between 2.1 and 3.2 nm1e. The size of 
the particles was measured by TEM. Bäumle et al. 17 modified the technique 
used by Rogach et al. '6 by changing the stabiliser used to glutathione. This 
produced particles of 2 nm in diameter, as measured by TEM, with a peak 
in the fluorescence spectrum at 533 nm. An increase in the intensity of 
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the fluorescence peak was observed by Bäumle et al. 17 if the particles were 
modified with streptavidin, probably due to the improved surface passivation 
of the hole trapping surface states by streptavidin compared to glutathione. 
Sonochemical Techniques 
Ultrasound techniques have been applied to the preparation of CdSe nanopar- 
titles by Zheng et al. '8, Zhu et al. 19, Ge et al. 20, Mastai et al. 21 and Li et al. 22. 
Li et al. synthesised CdSe nanoparticles by exposing a mixture of 
Cd(Ac)2.2H20 and selenium in dimethyl sulfoxide to ultrasound under a 
H2 / argon atmosphere. This resulted in CdSe nanoparticles with a mean 
diameter of 7-10 nm, as measured from TEM images, that aggregated into 
spherical nanoclusters that averaged 40 nm in diameter and had a band gap 
of 1.83 eV22. Using X-ray diffraction the particles were shown to have a 
hexagonal structure. The particles are thought to form according to a free 
radical mechanism: 
(CH3)2SO --º 'CH3SO + 'CH3 (5.4) 
H2O -º 'H + 'HO 
The decomposition of excited molecules, *H2, formed by the absorption of 
ultrasound by the H2 / argon atmosphere, is triggered by the radicals and 
the resulting H' radical then reacts with Se to form H2Se, as shown: 
'CH3 + 'H2 --+ CH4 + H' (5.5) 
'HO + 'H2 -º H2O + H' (5.6) 
Se + 2H' --i H2Se (5.7) 
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Finally, the CdSe particles form by the reaction of H2Se with Cd2+22 . Ge 
et al. 20, Zhu et al. 19, Mastai et al. 21 and Zheng et al. 18 prepared CdSe by 
sonicating basic aqueous solutions of Na2SeO3 or Na2SeSO4 and cadmium 
sources, along with different additives. Ge et aL20 proposed the following 
mechanism for the formation of CdSe particles from the sonication of an 
aqueous mixture of Cd(N03)2, ammonia, Na2SeO3 and N2!! 4: 
3SeO3- + 3N2H4 -º 3Se + 3N2 + 3H20 + 60H- 
3Se + 60H- -º 2Se2 + SeO3' + 3H20 (5.8) 
2Se2- + 2Cd(NH3)4 -º 2CdSe + 8NH3 
CdSe particles with diameters between 20 and 50 nm, as measured by TEM, 
were formed by this method and using X-ray diffraction, were found to be 
amorphous . Ge et al. 
20 observed a narrow exciton emission peak in the 
luminescence spectrum of the particles at 556 nm. Mastai et al. 21 employed 
a method involving the deposition of CdSe particles by exposing an aqueous 
solution of CdSO4, potassium nitrilotriacetate and Na2SeSO3 at pH 8-10 to 
alternating current and ultrasound pulses. This resulted in particles with 
an average size of 4 nm, as measured by TEM, and a band gap of 2.10 eV 
found using diffuse reflection spectroscopy". CdSe hollow spheres were pre- 
pared by Zhu et al. 19 by exposing an aqueous solution of CdCI2, ammonia 
or triethylamine, and Na2SeSO3 to ultrasound. The mechanism proposed by 
Zhu et al. 19 for the synthesis of CdSe and the formation of the hollow sphere 
104 
ntru("t urc is outlined in the following equations and Fig. 5.1: 
H2O -+ H' + OH' (5.9) 
211' SeSO3 -- Sei + 2H+ + S03 (5.10) 
Cd(OFI)2 + See- -4 CdSe + 20H- (5.11) 
The Cdi(()H)2 is formed as particles from the reaction of CdC12 solution 
with aiiiuwnia and acts as a template for the production of CdSe hollow 
sphere assemblies. Zhu et al. 19 determined the band gap of the CdSe in these 
, treu t irres tu he 2.7 eV from the UV-Visible spectrum. This demonst, ruted 
tli<it the ], articles 'Crc (tuaiituiiº confined. TEM showed that hollow spheres 
with an average diameter of 120 nm and consisting of 5 nm diameter spherical 
particles were formed. 
" 
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Figure 5.1: Proposed niechanisin for the formation of CdSe hollow spheres'9 
105 
Synthesis in Microemulsions 
Zheng et al. 18 utilised the ability of sodium dodecyl sulfate (SDS) to form 
vesicles under defined conditions, to prepare CdSe hollow spheres by a re- 
action on a template surface. The spheres were synthesised by exposing an 
aqueous solution of SDS and CdC12 to ultrasound followed by the addit ion of 
Na2SeSO3 and further sonication. The mechanism proposed by Zheng et al. " 
for the formation of the hollow spheres is shown in Fig. 5.2. From Zheng's 
observations of TEM data and UV-Visible spectra, the spheres were found to 
be approximately 100-200 nm in diameter, composed of CdSe nanoparticles 









Figure 5.2: Schematic of the formation of CdSe hollow spheres 18 
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band gap of 2.01 eV, indicating that quantum confinement occurs 18. 
Conversion of a Precursor Adsorbed on a Substrate to CdSe 
Cadmium selenide particles have been prepared by reacting H2Se gas with 
Cd2+ ions in porous films or polymer matrices. Wark et al. 23 prepared CdSe 
in silica films by impregnating a preformed silica film with a solution of cad- 
mium acetate in methanol and then exposing the films to H2Se. A solution 
that could be used to form a silica film was prepared by Wark et al. 23 by 
adding HCl to an ethanolic tetraethyl orthosilicate solution, followed by the 
addition of C16H33(OCH2CH2)IOOH and cadmium acetate and finally allow- 
ing the solution to age for 2 hours. Films were then prepared by spreading 
the viscous solution on a quartz slide or a silicon wafer, followed by calcina- 
tion of the films at 623 K. The films were then exposed to H2Se to produces 
CdSe particles with an average diameter of 2.5 nm, as calculated according 
to equation 1.12, and an absorption edge of 557 nm in the films23. Belo- 
gorokhov et a1.24 synthesised porous silicon embedded with CdSe particles 
by incorporating an aqueous cadmium acetate solution into a porous sili- 
con matrix and allowing it to dry. This was followed by heating the sample 
to 310 °C resulting in the decomposition of the cadmium acetate to form 
CdO. The CdSe particles in porous silicon were then formed by exposing the 
system to H2Se. Belogorokhov et al. 24 observed a photoluminescence peak 
at 1.79 eV, implying that quantum confinement occurs and it was assumed 
that CdSe clusters corresponding to the porous silica pore size of 3-5 nm 
were formed. An increase in photoluminescence peak intensity was observed 
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after exposure of the porous silica coated with CdSe particles to laser irra- 
diation for 60 minutes. This could be due to an annealing of defects in the 
CdSe particles. CdSe nanoparticles have been prepared in a polymer matrix 
by Haggata et al. 25. This method involved the preparation of an adduct of 
a 2-pyridyl polybutane polymer with dimethyl cadmium26 and subsequent 
exposure of this adduct to H2Se, as displayed in Fig. 5.3. Haggata et a1.25 
observed that an increase in the reaction temperature from -68 °C to 60 °C 
resulted in the CdSe particles growing from an average diameter of 2.3 nm to 
an average diameter of 3.6 nm, as determined using TEM. A corresponding 
2. vrilayl polybutadieile 
polymer 
1F- i -CH, 






Figure 5.3: Schematic of the formation of CdSe in a 2-pyridylpolybutane polymer. 
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decrease in the band gap of the particles from 2.72 eV to 2.15 eV was seen 
by Haggata et al. 25. 
Microwave Heating Techniques 
Palchik et al. 27 and Rogach et al. 28 prepared CdSe nanoparticles using mi- 
crowave assisted methods. Cadmium acetate and Se in ethylene glycol were 
exposed to microwave radiation for 1 hour by Palchik et a1.27, resulting in 
CdSe particles of average diameter 350 nm consisting of CdSe grains with 
an average diameter of 6-7 nm, as measured by TEM images. The band gap 
of the particles was found to be 1.93 eV by UV-Visible spectroscopy and 
photoluminescence. Rogach et al. 28 prepared CdSe particles with an average 
diameter of 4.0 nm, as determined using TEM, by irradiating an aqueous so- 
lution of cadmium perchlorate, sodium citrate and N, N-dimethylselenourea 
with microwaves. In absorbance spectroscopy a band edge of 590 nm was 
observed28. 
Solvothermal Methods 
Gautam et al. 29 and Liu et al. 3° have prepared CdSe nanoparticles by solvother- 
mal routes. A reaction mixture of cadmium stearate, selenium, tetralin and 
dodecanethiol in toluene was heated in an autoclave to 250 °C for 5 hours 
in order to produce CdSe nanoparticles with a mean diameter of 3.0 nm, 
as measured by TEM29. An absorption peak at approximately 510 nm was 
observed in the UV-Visible absorption spectrum, proving that the particles 
prepared by Gautam et al. 29 were quantum confined. Liu et al. 3° synthesised 
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CdSe by heating Cd(N03)2.4H20, Se and N2H4"H20 in ethylenediamine at 
140 °C in an autoclave for 10 hours. The reaction was proposed to proceed 
according to the following equation: 
2Cd2} + N2H4 " H2O + 2Se + 40H- -º 2CdSe I +N2 j +5H20 (5.12) 
CdSe nanorods of diameters of 10-15 nm and lengths of 100 nm and CdSe 
nanoparticles of diameters of 100 nm, as measured using TEM, were produced 
by Liu et a1.30 by changing the ratio of Cd2+ to Se atoms from 1: 1 for the 
nanorods and 1: 2 for the particles. The nanorods were found to have a 
wurtzite structure, while the nanoparticles had a zinc blend structure. These 
structures were found by Liu et al. 30 using X-ray diffraction. 
Preparation By Thermal Evaporation 
Thermal evaporation techniques have been employed to prepare CdSe thin 
films by Baban et al. 31 and Nesheva et a1.32. Baban heated CdSe polycrys- 
talline powder to 900-1050 K under vacuum in the presence of a glass sub- 
strate31. This resulted in polycrystalline thin films of thicknesses, depending 
on growth time and temperature, between 0.1 and 1.8 pm, as measured from 
AFM images. The films were composed of crystallites of wurtzite structure 
of size between 20 and 100 nm. Baban3' determined band gaps of 1.65 to 
1.75 eV for films of thickness between 1.73 and 0.72 pm. A similar method 
of preparation was used by Nesheva et al. l. However the deposition of CdSe 
was alternated with the deposition of a matrix material such as SiO, GeS2 
or ZnSe. Nesheva et al. 32 determined the band gap of the CdSe particles 
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embedded in the matrices to be between 1.95 and 2.0 eV, corresponding to 
excitonic peaks in the absorption spectra at 635 nm and 620 nm. 
Preparation in Micellar and Reverse Micellar Systems 
Cadmium selenide particles have been prepared in microemulsions by Kasuya 
et al. 33 and Majetich et al. 3. Kasuya et al. 33 dispersed cadmium nitrilotri- 
acetate in decylamine and then further mixed this solution with aqueous 
Na2SeSO3 to yield a system containing micelles. When toluene was added to 
this solution, the surfactant was transferred to the toluene and transformed 
in to reverse micelles. Kasuya et al. 33 propose that the formation of CdSe 
nanoparticles occurs in the toluene phase. The resultant particles have an 
excitonic peak in the absorption spectrum at 415 nm and an average diame- 
ter of 1.5 nm (as calculated using equation 1.12), indicating that the particles 
are quantum confined. Cadmium selenide nanoparticles were synthesised by 
Majetich et al. 3 by the addition of cadmium perchlorate and trimethylsi- 
lylselenium solutions to a microemulsion of heptane, water and AOT. The 
resulting particles were then terminally capped by the addition of butanethi- 
olate, phenylthiolate, thio-2-naphtholate, acetonitrile, pyridine or quinoline 
in heptane. The particles were 3.5 nm in diameter, as measured by TEM, 
and the change in surface ligand was found by Majetich et al. 3 to affect the 
recombination of an electron and hole in a trapped or surface state. It was 
shown that particles coated with thiols exhibit significant luminescence due 
to the recombination of an electron with a trapped hole, whereas particles 
coated with amines display luminescence properties consistent with the direct 
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recombination of an electron and a hole. This leads to the conclusion that 
the hole trapping surface states are either due to the thiol capping agents 
passivating the surface states less effectively than the amine capping agents. 
Electrodeposition Techniques 
Choi et al. 34 and Ruach-Nir et al. 35 prepared CdSe nanoparticles by elec- 
trodeposition. Ruach-Nir et al. 35 used a solution of Cd(C104)2"6H20 and Se 
in dimethyl sulfoxide, a mechanically strained gold cathode and a graphite 
anode and performed the electrodeposition of CdSe under constant current. 
This resulted in particles of decreasing size as the strain on the gold elec- 
trode was increased. An increase in band gap from 2.04 eV for particles 
produced using a gold electrode under no strain to 2.2 eV for particles pro- 
duced using a gold electrode under compressive strain'. Choi et al. 34 used 
a three electrode system employing a gold working electrode coated with a 
self-assembled monolayer of thiolated ß-cyclodextrin, a platinum wire as a 
counter electrode and an AgIAgC113 mol dm-1 KCl reference electrode in an 
electrolyte containing Se02 and CdSO4 in order to deposit CdSe particles 
at -0.7 V. The CdSe particles produced were observed to have a diameter 
of 150 nm, as measured using SEM. A photocurrent was measured for these 
particles on a electrode. 
Photochemical Methods 
Photochemical methods of preparing CdSe nanoparticles have been reported 
by Zhu et al. 36, Zhao et al. 37 and Yan et al. 37. Zhu et al. 36 exposed an aque- 
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ous solution of CdC12, nitrilotriacetic acid and Na2SeSO3, adjusted to pH 11, 
to light of wavelength 420-250 nm from a 300 W high pressure indium lamp. 
This resulted in particles with an average diameter of 7 nm, as calculated 
from the X-ray diffraction peaks using the Debye-Scherrer equation, and a 
band gap of 1.82 eV. Zhu et al. 36 proposed that the particles form according 
to the following equations: 
503-+hv -º SO3 +e 
SeSO3- +e --+ Se- +S032- 
Se- +e --º Se2- (5.13) 
Cd 2+ + See- -º CdSe 
A similar method to the above synthesis was employed by Zhao et al. 37 to 
prepare CdSe particles with dimensions of 60 nm to 70 nm, as measured by 
TEM, and an emission peak in the photoluminescence spectrum at 680 nm. 
These particles were made by irradiating an aqueous solution of CdC12, ni- 
trilotriacetic acid and Na2SeSO3, adjusted to pH 11, with UV light from 
a high pressure mercury lamp. Yan et al. 38 synthesised CdSe nanoparti- 
Iles by exposing an aqueous solution of cadmium acetate, sodium sulfite, 
cetyltrimethylammonium bromide (C16TAB) and Se to light from a high 
pressure mercury lamp. The particles produced were found to be 2.5-4.0 nm 
in diameter, as measured from TEM images, with band gaps between 1.83 eV 
and 1.93 eV. According to Yan et al. 38 the particles were formed according 
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to the equations shown below: 
S03-+by -+ SO +e 
Se+e -º Se- 
Se- +e -º Se2- (5.14) 
Cd2++S62- -º CdSe 
Preparation by Injection Of Hot Reagents 
In 1993 Murray et al. 2 reported a hot injection method for preparing CdSe 
nanoparticles. This synthesis involved first degassing trioctylphosphine ox- 
ide (TOPO) in the reaction vessel at 200 °C under vacuum, flushing with 
argon and then maintaining the system at 300 °C under an argon atmo- 
sphere. Dimethyl cadmium was then dissolved in trioctyl phosphine (TOP). 
In a separate vessel a trioctyl phosphine selenide (TOPSe) solution in TOP 
was prepared by reacting Se powder with TOP. The TOPSe solution was 
then mixed with the dimethyl cadmium solution, added to the reaction ves- 
sel and the heat was removed, causing a reduction in the temperature of the 
system to approximately 180 °C. The temperature was then raised to 260 °C 
and samples were removed after various growth times, producing a number of 
samples of CdSe nanoparticles with different sizes from one reaction. Murray 
et al. 2 prepared TOP/TOPO capped CdSe particles with average diameters 
between 1.2 nm, for short growth times, and 11.5 nm, for long growth times, 
as measured using TEM. The particles produced had a narrow size distri- 
bution and showed sharp absorption features which displayed an increased 
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absorption edge wavelength with particle size. Murray et al. ' proved that 
the particles were crystalline by powder X-ray diffraction. CdSe and CdS 
particles were synthesised by this method, using bis(trimethylsilyl) selenide 
or bis(trimethylsilyl) sulfide in place of the phosphine chalcogenide precursor 
initially used. CdSe particles capped with pyridine were prepared by Mur- 
ray et al. ' by a repetitive procedure of heating a mixture of TOPO/TOP- 
capped CdSe particles and pyridine to 60 °C, followed by flocculation of 
the particle by the addition of hexane. This method and variations thereof 
have been widely studied. Kuno et al. 39 have studied the luminescence of 
CdSe particles passivated by 4-picoline, 4-(trifluoromethyl) thiophenol and 
tris(2-ethylhexyl) phosphate prepared by the surface modification of parti- 
cles synthesised using the above method. The surface of these particle was 
characterised by proton NMR and P3' NMR experiments. An increase in 
emissions from deep traps was observed upon exchange of tris(2-ethylhexyl) 
phosphate ligands with either the 4-picoline or 4-(trifluoromethyl) thiophe- 
nol capping agents, implying that tris(2-ethylhexyl) phosphate is more suc- 
cessful at passivating the surface states which trap holes. The addition of 
hexyl-phosphonic acid to the TOPO solvent before the start of the reaction 
was discovered, by Peng et al. 40, to slow the growth of the particles and en- 
able the production of CdSe nanorods with dimensions of 3.6 nm by 6.6 nm, 
as measured from TEM images. Landes et al. 41 added a quenching step to 
the method used by Murray et al. ' by adding nanoparticle/TOPO solution 
to room temperature hexane to produce CdSe particles with an average di- 
ameter of 1.6 nm. The addition of n-butylamine to a solution of 1.6 nm 
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CdSe particles, size calculated using equation 1.12, was shown by Landes 
et al. 4' to result in the appearance of a feature in the optical absorption 
spectrum at 414 nm, while the broad peak at 440 nm observed from the 
original particle solution decreased in intensity. CdSe particles coated with 
poly(amidoamine) dendrimers were synthesised by Zhang et al. 42 via the 
surface exchange of the CdSe particles made using the method pioneered by 
Murray et al. 2. This resulted in particles that were stable to oxidation for 
2 months, had an average diameter of 5.5 nm, as measured by TEM, and 
an absorption onset at approximately 620 nm42. Talapin et al. 43 found that 
using an initial solution of hexadecylamine in TOPO in the preparation of 
CdSe particles from TOPSe and dimethyl cadmium decreased the growth 
rate of the CdSe particles. Bowen Katari et al. 44 prepared CdSe nanopar- 
titles using tributylphosphine (TBP) in place of TOP. Particles with sizes 
ranging from 1.8 nm to 6.7 nm, as measured using TEM, with a correspond- 
ing change in the band gap from 2.5 eV to 1.9 eV were prepared using this 
method. Using small angle X-ray diffraction, the particles were found to 
be crystalline. Particles produced by the method used by Bowen Katari 
et al. 44 were deposited on. indium tin oxide/p-paraphenylene vinylene (PPV) 
plates by Colvin et al. 4&. The luminescence properties were studied and 
the electroluminescence of CdSe and PPV were found to be voltage depen- 
dent. Ginger et al. 46 studied the photoelectrochemical properties of CdSe, 
with diameters of 2.7 nm and 4.5 nm, as measured by TEM, prepared by 
the synthesis used by Bowen Katari et al. 44, sandwiched between indium tin 
oxide and aluminium electrodes. Photocurrent spectra displayed peaks at 
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530 nm and 602 nm for the particles with diameters of 2.7 nm and 4.5 nm 
respectively and efficiencies of 1-3 % were observed. Peng et al. 47 replaced 
dimethyl cadmium with CdO as the cadmium precursor used in preparation 
pioneered by Murray et al. '. This offers the advantage that the dimethyl 
cadmium which is highly toxic, pyrophoric and unstable at room, tempera- 
ture is eliminated. Using this approach highly monodisperse CdSe particles 
were produced over a range of sizes. Peng et al. 47 observed an absorption 
peak at 440 nm for the smallest particles that were prepared. A photovoltaic 
device consisting of CdSe particles produced by a similar method to that 
used by Peng et al. 47 sandwiched between an aluminium cathode and an an- 
ode consisting of indium tin oxide coated with 'a blend of poly(3,4-ethylene 
dioxythiophene) with poly(styrene sulfonate) was prepared by Sun et al. 48. 
A short circuit external quantum efficiency of 45'% was observed under il- 
lumination with light of wavelength 480 nm. Qu et al. 49 employed a similar 
method of preparing CdSe to Peng et al. 47, using CdO, CdCO3 or cadmium 
acetate as the cadmium precursor and TOPO, stearic acid or mixtures of 
TOPO with stearic acid, lauric acid, dodecylamine or a phosphonic acid as 
the solvent. Cadmium acetate was found to be the most versatile precur- 
sor. Qu et al. 49 observed that small particles in the size range of 1.5 nm 
to 8 nm, as measured from TEM images, are easily prepared in TOPO or a 
mixture of TOPO and a phosphonic acid, while particles in the size range of 
8 nm to 25 nm are best synthesised in stearic acid. Aldana et al. 5° prepared 
CdSe particles according to the method used by Peng et al. 47, but using 
cadmium acetate as the cadmium precursor and TOPO as the solvent. The 
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resultant particles were heated in methanolic solution of a thiol in order to 
produce thiol coated CdSe particles. From studies of the effects of time on 
the absorption spectrum, these particles were found to be photochemically 
unstable. Using NMR and UV Visible absorption spectroscopy as methods 
of determining the decomposition, Aldana et al. 5° suggested three processes 
involved in this instability. Zhelev et al. 51 observed an enhancement in the 
photoluminescence of CdSe nanoparticles from exposure of the particles to 
UV-irradiation over time. These particles were produced by the method out- 
lined by Qu et al. 49 using cadmium acetate as the cadmium precursor and 
TOPO as the solvent. 
Preparation Using a Single Source Precursor 
Cadmium selenide nanoparticles have been prepared from the thermal de- 
composition of a single source precursor by O'Brien et al. 52'55. These precur- 
sors include bis[methyl(n-hexyl)diselenocarbamato]cadmium 52; M, methyl di- 
ethyldiselenocarbamato cadmium53 and cadmium imino-bis(diisopropylphos- 
phine selenide)55. The preparation, of these complexes are complicated 56-59. 
CdSe particles with average diameters between 4.8 and 6.4 nm, as measured 
using TEM, and band gaps between 1.96 and 2.18 eV have been reported 
using this method. ,17 
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Synthetic Method Using bis(trimethylsilyl)selenide as the Selenide 
source 
Ptatschek et al. 6° produced CdSe nanoparticles by first synthesising a com- 
plex of a cadmium precursor with 3-aminopropyltriethoxysilane (AMEO) by 
refluxing an ethanolic solution of these compounds. This complex was then 
exposed to bis(trimethylsilyl)selenide which resulted in AMEO-capped CdSe 
nanocrystals with an average diameter of 1.6 nm, as measured using TEM. 
These particles were spin coated on to glass slides an were observed to have 
an peak in the optical absorption spectrum at 410 nm indicating size quanti- 
sation. Ptatschek et al. 60 observed an increase in size to an average diameter 
of 3 nm, as measured by TEM, if 2-butoxyethanol replaced ethanol as the 
solvent. In the above method CdSe particles are formed from a simple room 
temperature reaction of a cadmium precursor and bis(trimethylsilyl)selenide. 
This chapter will study the preparation of CdSe particles by this method 
using Cd(C104)2 in place of the complex of Cd with AMEO, 3-mercapto- 
propionic acid as a capping agent and THE as the solvent. The particles will 
be deposited on tin oxide glass electrodes in situ. This method will be studied 
as this preparation offers a simple synthetic route to CdSe coated electrodes 
and similar syntheses using the same cadmium precursor and capping agent 
have produced CdS coated electrodes that exhibited photocurrent. The CdSe 
coated electrodes and solutions of the particles will be characterised by UV- 
Vis spectroscopy, TEM and photoelectrochemical techniques. 
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5.2 Preparation of Nanoparticles 
Electrodes precleaned in a5 mol dm-3 KOH bath for 2 hours, were placed in 
a 250 ml conical flask. 50 ml of THE containing 5x 10-5 moles of Cd(C104)2 
and 3.8 x 10-6 moles of 3-mercaptopropionic acid was then added to the 
conical flask. The reaction mixture was placed in a dry box and stirred for 
5 minutes. 12.5 µl of bis(trimethylsilyl)selenide was added and the mixture 
was stirred for a set period of time. After this time, a drop of the reaction 
mixture was placed on a TEM grid, the UV-Vis spectrum of the solution was 
measured and the electrodes were removed from the solution, washed with 
THE and dried. Reaction times of 2 minutes and 1 hour were used. 
5.3 Characterisation 
5.3.1 UV-Vis Spectroscopy 
The UV-Visible absorption spectra of cadmium selenide nanoparticles pre- 
pared using reaction times of 2 minutes and 1 hour are shown in Fig. 5.4. A 
non-zero base line was observed in the UV-Visible spectra due to the CdSe 
particles scattering light. Table 5.1 displays the band gaps estimated from 
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Figure 5.4: UV-Vis spectra of CdSe nanoparticles after a reaction time of a) 2 
minutes and b) 1 hour. 
Reaction Time Absorption edge / nm Estimated Band Gap /eV 
2 minutes 545 2.27 
1 hour 513 2.41 
Table 5.1: Estimated band gaps of CdSe particles. 
5.3.2 Transmission Electron Microscopy 
Fig. 5.5 illustrates example TEM images of CdSe nanoparticles after reaction 
times of 2 minutes and 1 hour. The average particle size of the samples are 
listed in Table 5.2. These sizes were calculated by statistical analysis of 
the size distributions shown in Fig. 5.6 found by measuring the number of 
particles indicated in the table. Fig. 5.7 displays the energy dispersive X-ray 
analysis spectra of the CdSe nanoparticles after reaction times of 2 minutes 





Figure 5.5: TEM images of CdSe nanoparticles after a reaction time of a) 2 
minutes and b) 1 hour. 
Reaction Time Particle diameter / nm sample size 
2 minutes 6.1 ± 1.7 356 
1 hour 5.3 ± 1.5 432 
Table 5.2: Average particle diameter of CdSe nanoparticles after a reaction time 
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Figure 5.6: Size distributions of CdSe nanoparticles after a reaction time of a) 2 
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Figure 5.7: Energy dispersive X-ray analysis spectra of CdSe nanoparticles after 
a reaction time of a) 2 minutes and b) 1 hour. 
5.4 Photoelectrochemistry 
5.4.1 Photocurrent Spectroscopy 
The photocurrent spectra of CdSe nanoparticles after reaction times of 
2 minutes and 1 hour are illustrated in Fig. 5.8. These spectra were measured 
at a potential of OV vs AgjAgC113 mol dm-3 KCI. CdSe particles grown for 
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Figure 5.8: Photocurrent spectra of CdSe nanoparticles after a reaction time of 
a) 2 minutes and b) 1 hour obtained at 0V vs. AgjAgClj3 mol dm-3 KCl and 
using monochramatic light chopped at 17 Hz. 
2.59 eV (478 nm) respectively. An incident photon to electron conversion 
efficiency of less than 0.01 % was observed. 
5.5 Discussion 
It can be seen from the UV-Visible spectra that the CdSe particles grown 
for 2 minutes have a smaller band gap than the CdSe particles grown for 
1 hour. This result indicates that the particles are decreasing in size as the 
growth time is increased, as shown by the relationship of the band gap of the 
material to the size of the particles displayed in equation. 1.11. As errors are 
introduced in the band gaps found in the UV-Visible spectra by the scattering 
of light by the particles, the effective mass model of quantum confinement is 
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applied to the band gaps found using photocurrent spectroscopy in order to 
estimate the dependence of the band gap on the size of the semiconductor 
particles. 
A decrease in particle size from 6.1 ± 1.7 to 5.3 ± 1.5 nm was observed as 
the growth time was increased from 2 minutes to 1 hour in the TEM images. 
For the preparation of CdSe particles, by mixing Cd2+ and a Se source in 
solution, it is expected that particles will grow with increasing reaction time 
as the reagents form CdSe on the surface of the nuclei. However, the reagent 
mixture changes in colour from orange to yellow with increasing reaction 
time, which indicates that the particle size decreases with increasing reaction 
time from the qualitative analysis of equation 1.11. The presence of Cd and 
Se in the samples were confirmed by EDAX indicating that no chemical 
change occurs within the particle as the particles decrease in size. Therefore 
it is probable that there is a slow decomposition or dissolution occurring at 
the surface of the CdSe particles in THE solution after the initial formation 
of the particles. 
The band gap of the CdSe can be related to the particle size by equation 
1.11 using the effective mass model of quantum confinement. The effective 
masses of electrons and holes in CdSe have been calculated to be 0.13 and 
0.45 respectively61, by Dimmock and Wheeler62 using the effective mass ap- 
proximation theory of Dresselhaus63. The high frequency relative dielectric 
constant of CdSe is 5.816. Fig. 5.9 illustrates the band gap of CdSe as a func- 
tion of particle size, using a bulk band gap of 1.71 eV. From the band gaps 







Figure 5.9: Band gap of CdSe particles as a function of calculated CdSe particle 
diameter. 
sured by photocurrent spectroscopy ( 2.39 and 2.59 eV respectively), average 
particle diameters of 5.3 nm and 4.6 nm respectively have been calculated 
using equation 1.11. Particle sizes of 6.0 and 5.3 nm have been found from 
the band gaps for particles grown for 2 minutes and 1 hour (2.27 eV and 
2.41 eV respectively) found using UV-Vis absorption spectroscopy. These 
sizes are within the error margins of the sizes measured using TEM. 
Very low efficiencies were observed in the photocurrent spectra. As the 
electrodes were not highly coloured, this is most likely to be due to poor depo- 
sition of the particles on the electrode surface. Alternatively the conduction 
bands of the particles and electrodes could be very close to each other in 
energy, limiting the electron transfer from the particle to the electrode or the 
mechanisms for the loss of an electron resulting from the photonic excitation 
of CdSe, illustrated in Fig. 5.10, occur at a similar rate to that for the transfer 
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Figure 5.10: A schematic of the charge transfer processes occurring in CdSe coated 
electrode in electrolyte system. SS =a surface state, R= reduced form of the elec- 
trolyte hole scavenger, 0= oxidised form of the electrolyte hole scavenger, kt, k,., 
k, kh and kb = the rate constants of trapping a hole in the surface state, recom- 
bination, electron transfer, hole transfer and back electron transfer respectively. 
of the electron to the electrode, thus limiting the observed photocurrent. 
Due to the low efficiencies observed in the photocurrent spectra and the 
decomposition of the particles in the growth solution, CdSe particles prepared 
using this method are not ideal sensitisers for use in solar cells. 
5.6 Summary 
CdSe nanoparticles have been prepared using bis(trimethylsilyl)selenide. These 
particles appear to be unstable in the as-prepared solution and exhibit only 
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Lead sulfide has a bulk band gap of 0.41 eV I and a Bohr radius of 18 nm. 
This means that PbS particles exhibit size quantisation effects over a large 
range of sizes, the smallest particles theoretically exhibiting a band edge of 
less than 800 nm in the absorption spectrum. Therefore small, well-defined 
PbS particles are candidates for sensitisers in solar cells. Methods to prepare 
PbS that have been employed previously are discussed below. 
6.1.1 Synthetic Methods for the Preparation of Lead 
Sulfide 
Film Techniques 
Yang et al. 2 and Plass et al. 3 prepared PbS nanoparticles on Ti02 electrodes 
by dipping a porous substrate, conducting tin oxide glass electrodes coated 
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with a mesoporous film of Ti02 formed according to the procedure outlined 
in section 2.1, into an aqueous solution of lead nitrate, followed by immersion 
in to an aqueous solution of Na2S. This process could be repeated a number 
of times to increase the size of the lead sulfide particles. Yang et al. 2 formed 
particles with average diameters of 2.94,3.99 and 4.76 nm, as calculated using 
equation 1.12, by increasing the number of the times the deposition process 
was carried out. Yang et al. 2 observed photodegradation of the PbS coated 
electrode and showed that this could be minimised by coating the lead sulfide 
particles with a thiol layer. A solid state cell consisting of a Ti02 coated tin 
oxide electrode coated with PbS particles produced by the technique outlined 
above and an organic charge transport material connected to a gold contact 
was synthesised by Plass et al. 3. The organic charge transport material 
used was spiro-OMeTAD. The IPCE spectrum of these systems displayed a 
maximum value of 45 % at a wavelength of 420 nm. 
Bakueva et a1.4 prepared PbS nanoparticles capped with a combination of 
thioglycerol and dithioglycerol by adding an aqueous solution of Na2S to an 
aqueous solution containing the capping agent and lead acetate. A change 
in the absorption edge from 1000 to 1330 nm, corresponding to a change 
particle diameter from 2.7 to 4.0 nm, as calculated using equation 1.12, was 
observed by Bakueva et al. 4 upon changing the ratio of Pb to S from 1: 0.3 
to 1: 0.7. 
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Syntheses Involving The Thermal Decomposition of a Sulfur Con- 
taining Compound 
Lead sulfide nanoparticles have been prepared by the decomposition of 
thiourea or thioacetamide in the presence of a lead precursor. Zhou et al. 5 
added a dimethyl sulfoxide solution of thioacetamide to a dimethyl sulfox- 
ide solution of lead acetate and polydithiafulvene and stirred the resulting 
mixture vigorously for 6 hours in order to produce lead sulfide particles 
capped with polydithiafulvene. The particles displayed an absorption onset 
at 725 nm and an average particle diameter of 4 nm, as measured by TEM, 
was observed. A solution of lead acetate and thioacetamide in ethylenedi- 
amine was heated slowly to 60 °C by Chen et al. 6 in order to synthesise 
lead sulfide nanorods of average diameter 75 nm and lengths between 150 
and 700 nm, as measured using TEM. Chen et al. " proposed the following 
mechanism for the reaction: 
CH3CSNH2 + 20H- -+ NH3 + CH3000- + HS- 
HS" + OH- -º H2O +S2- (6.1) 
Pb2++S2- -º PbS 
Lead sulfide crystals were prepared by Ma et al. " by heating an aqueous 
solution of acetic acid, lead acetate and thioacetamide to 80 °C for five hours. 
Ma et al. 7 observed, using TEM, that the crystals had eight symmetric arms 
with two adjacent corners being 2 pm apart. Lifshitz et al. 8 synthesised lead 
sulfide nanoparticles embedded in a polymer film by spreading a solution 
of polyacrylamide, lead nitrate and thiourea on a glass substrate and then 
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heated the substrate to 375 K for 12 hours. Particles of average diameter 
2.1 and 0.8 nm, as measured by TEM, were prepared by controlling the 
concentration of the precursors and a substantial blue shift in the absorption 
spectra was observed. Films of PbS nanoparticles were grown on glass, quartz 
and silicon substrates by Joshi et al. ' by immersing the substrate in a stirred 
alkaline aqueous solution of thiourea and lead acetate. Particles of various 
sizes with different band gaps were observed depending on the temperature 
and pH of the bath as outlined, in Table. 6.1. Kang et al. 10 prepared PbS 
pH Temperature / °C size / nm Band Gap /eV 
9.25 20 12 2.32 
9.25 35 14 2.15 
9.75 20 15 2.05 
9.75 35 19 1.80 
10.25 20 17 1.95 
10.25 35 23 1.52 
Table 6.1: Band gaps and sizes of PbS particles as prepared by Joshi et al. 9. 
nanoparticles in a Ti02/glycerol matrix by first stirring an aqueous solution 
of lead acetate, ethanol, acetic acid, titanium isopropoxide, glycerol and 
thiourea for 24 hours, then evaporating 70 % of the solvent and finally spin 
coating the viscous sol on to a glass substrate followed by annealing at 160 °C. 
The resultant PbS clusters had an average size of 10 nm and were embedded 
in a Ti02-glycerol matrix. The following mechanism was suggested by Kang 
et a1.10 for the formation of PbS nanoparticles, from the Ti02/glycerol matrix 
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precursor containing Pb2+ and thiourea. 
NH2CSNH2 + 2H20 H2S + CO2 + 2NH3 (6.2) 
Pb2+ + H2S --º PbS + 2H+ 
These sizes were measured from TEM images. 
Solution Precipitation 
H2S has been used in order to synthesise lead sulfide particles. Lu et al. ll pro- 
duced PbS nanoparticles by injecting H2S gas in to an ethanolic solution of 
Pb(C104)2 and hydroxypropyl cellulose. Thin films of the hydroxypropyl cel- 
lulose coated PbS particles were then dip coated onto fused silica glass. These 
particles were found to be crystalline and have an average size of 4.7 nm, as 
measured by TEM. The addition of H2S gas to an ethanolic solution of lead 
acetate and dodecylthiol was used to prepare lead sulfide nanoparticles by 
Gurin et al. 12. This resulted in particles with sizes in the 1-5 nm range, 
as measured from AFM images. Kyprianidou-Leodidou et al. 13 bubbled H2S 
gas through water to produce H2S solution and then added this solution to 
an aqueous solution of polyethylene oxide, lead acetate and sodium dodecyl 
sulfate in order to produce PbS nanoparticles. It was found that by chang- 
ing the molar ratio of sodium dodecyl sulfate to lead acetate from 0.0034 to 
0.347, the size of the particles decreased from 24 nm to 4 nm, as measured by 
TEM. Nanocrystalline PbS was synthesised by Mukherjee et al. 14 by adding 
H2S gas to aqueous solutions containing different amounts of polyacrylamide 
and PbNO3. This resulted in particles with decreasing average diameters of 
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18 nm, 16.8 nm and 9.9 nm, as measured by TEM, with corresponding band 
gaps of 1.03,1.14 and 1.49 eV respectively as the concentration of PbNO3 
was increased. Lu et al. 15, Fernee et al. 11; 11 and Bakkers et al. 18 prepared 
PbS particles by injecting H2S gas into an aqueous solution of polyvinyl al- 
cohol and a lead precursor. Particles with an average diameter of 3.3 nm, 
as measured by TEM, were synthesised using Pb(C104)2 as the lead source. 
Lu et al. '5 dip coated such particles onto a fused silica substrate. These 
particles' were found to exhibit three sharp peaks at 592,391 and 294 nm in- 
dicating that the particles are quantum confined. Bakkers et al. " deposited 
PbS particles with a diameter of 6.5 nm, as measured by TEM, on a gold 
electrode and studied the photoelectrochemical properties of the particles. 
PbS particles with an average diameter of 3 nm, as measured using TEM, 
were prepared using lead acetate as the lead precursor by Fernee et al. 16; 17 
These particles were then surface passivated by adding a solution of sodium 
hexametaphosphate and CdC12. A slight blue shift on passivation of the 
PbS was observed and a broad emission was recorded from the surface passi- 
vated particles. PbS particles capped with 4-aminothiophenol were prepared 
by mixing solutions of 4-aminothiophenol and lead acetate in methanol at 
- 88 °C, followed by the addition of Na2S in methanol and subsequent warm- 
ing of the system to -20 °C by Torimoto et al. 19. This resulted in particles 
with an average particle size of 2.8 nm, as measured from TEM images, 
and an unresolved absorption edge at about 600-700 nm indicating that the 
particles are quantum confined. 
Joo et a1.2° prepared lead sulfide particles by mixing a PbC12 in oleylamine 
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solution with a sulfur in oleylamine solution at 90 °C and then aging the 
mixture at 220 °C. This resulted in nearly cubic particles with an average 
size of 13 nm, as measured by TEM. Lattice fringes were observed in the 
TEM images indicating that the particles were crystalline. Joo et aL20 also 
found that the particle size could be controlled by changing the ratio of PbC12 
to sulfur in the reaction mixture. 
Conversion of a Precursor Adsorbed on a Substrate to PbS 
Jiang et al. 2' synthesised PbS particles on a gold substrate by dipping the 
substrate into an ethanolic solution of 11-mercaptoundecanoic acid followed 
by immersion of the substrate in a Pb(N03)2 solution and finally exposure 
of the system to H2S gas. This resulted in an orderly arrangement of PbS 
particles with an average diameter of 3.2 nm, as measured by scanning tun- 
nelling microscopy (STM), on a 11-mercaptoundecanoic acid self assembled 
monolayer on a gold substrate. Nabok et al. 22 exposed spin coated films 
of 1-, 4-, 8-, 11-, 15-, 18-, 22-, and 25-octahexyl phthalocyaninato lead to 
H2S gas in order to produce lead sulfide particles, with an average diameter 
of 2.24 nm, as calculated from the 1.91 eV band gap measured by UV-Vis 
spectroscopy using equation 1.12, in a phthalocyanine film. 
A polymer film of alternating layers of polydiallyldimethylammonium 
chloride and polystyrene sulfonate was immersed in an aqueous solution of 
Pb(N03)2, then exposed to H2S gas and this reaction was then repeated in 
order to form PbS particles. This method was outlined by Dutta et al. 23 
and produced particles with a broad range of sizes between 1 and 10 nm, as 
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measured by TEM. 
Hydrothermal and Solvothermal Methods 
Hydrothermal techniques have been used by Wang et al. 24, An et al. 25 and 
Jiang et al. 26 in order to produce lead sulfide nanoparticles. Wang et al. 24 
synthesised PbS particles of sizes between 50-80 nm, as measured using TEM, 
by heating an aqueous solution of PbC12 and thioacetamide in an autoclave 
at 120 °C for 18 hours. PbS particles of sizes 50-80 nm, as measured using 
TEM, were prepared by An et al. 25 by heating a mixture of lead and sulfur 
in water in an autoclave at 180 °C for 10-14 hours. The particles were 
found to be crystalline and exhibited an emission peak at 646 nm in the 
photoluminescence spectrum. An et al. 25 postulated that the mechanism of 
the formation of PbS particles occurs according to the equations displayed 
below: 
Pb + 2H20 --> Pb(OH)2 + H2 T 
H2+S -º S2"+2H+ (6.3) 
Pb(OH)2 + S2- + 2H+ -+ PbS + 2H20 
Jiang et al. 26 heated an aqueous solution containing lead acetate, Na2S2O3 
and C17H33COOK in an autoclave at 180 °C for 24 hours in order to produce 
uniform cubic PbS crystals with an edge length of 22.6 nm, as measured by 
TEM. Equation 6.4 shows the reaction mechanism proposed by Jiang et al. 26. 
2Pb(000CH3)2 "2H20 + 3S2O 3- --+ 2PbS + 4HOOCCH3 + 4S03- + 2H+ 
+ H2O (6.4) 
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An autoclave containing a solution of lead acetate and ethylenediamine in 
water with a solution of carbon disulfide in toluene on top was heated to 140- 
160 °C for 12 hours by Mo et al. 27. This resulted in crystalline lead sulfide 
nanorods with diameters of 30-160 nm, as measured by TENT, and lengths 
of up to several micrometers. Mo et al. 27 suggested that this solvothermal 
production of PbS nanorods occurs according to the following mechanism: 
H2NCH2CH2NH2 + CS2 -º H2NCH2CH2NHCSSH 
n(H2NCH2CH2NHCSSH) -º [-HNCH2CH2NHCS-]n + nH2S j 
Pb21 + H2S -º PbS I +2H+ (6.5) 
A Mechanochemical Technique 
Balaz et al. 28 prepared crystalline PbS particles with an average diameter 
of 18 nm, as calculated from the X-ray diffraction peaks using the Debye- 
Scherrer equation, by milling a mixture of lead acetate and Na2S under an 
argon atmosphere. 
Ultrasonic Techniques 
Lead sulfide nanoparticles were synthesised by Zhu et al. 29 using a sono- 
chemical method. This method involved the sonication of a solution of lead 
acetate and sulfur in ethylenediamine. Zhu et al. 29 reported rectangular PbS 
particles with average dimensions of 15 x 20 nm, as measured by TEM, and 
determined that the presence of ethylenediamine was vital to the formation of 
the particles prepared using this method. In order to prepare PbS particles, 
Zhao et al. 3° exposed solutions of lead acetate and thiourea in ethanol, wa- 
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ter, ethylene glycol or polyethylene glycol either to ultrasound or microwave 
irradiation. Table. 6.2 summarises the sizes of particles produced, in the var- 
ious solvents, by the two procedures. These sizes were measured by TEM. 
Method solvent size / nm 
Microwave ethanol 150-200 
Microwave water 30-50 
Microwave ethylene glycol 15-35 
Microwave polyethylene glycol 100-150 
Ultrasound ethanol 10-15 
Ultrasound water 80-100 
Ultrasound ethylene glycol 100-150 
Ultrasound polyethylene glycol 20-30 
Table 6.2: Sizes of PbS particles as prepared by Zhao et al. 3o 
Zhao et al. 30 observed a band gap of 3.49 eV for PbS particles prepared in 
polyethylene glycol under ultrasound irradiation. 
Microwave Heating Methods 
Lead sulfide nanocrystals have been prepared by exposing a solution of lead 
acetate, sulfur and NaOH in ethanol or polyethylene glycol to microwaves 
by Ding et al. 31; 32. PbS particles with average sizes of 10 nm and 15-20 nm, 
as measured by TEM images, were observed by synthesis in ethanol and 
polyethylene glycol respectively. Ding et al. 32 speculated that the synthesis 
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in an ethanol solvent occurred due to heating, according to the equations: 
4S + 6NaOH -º 2Na2S + Na2S2O3 + 3H20 
Na2S + Pb2+ -º PbS + Mal (6.6) 
The following equations were suggested by Ding et al. 31 for the formation of 
PbS in polyethylene glycol under microwave heating. 
Pb2} -º Pb 
Pb +S -º PbS (6.7) 
In this case, Pb2+ was reduced to Pb using polyethylene glycol as a reducing 
agent, followed by direct combination of Pb and S to form the particles. 
Synthesis In Microemulsions 
Chen et al. 33 synthesised PbS by first dissolving lead acetate and hexanethiol 
in methanol, then adding toluene and water, separation of the toluene phase 
and addition of Na2S to the toluene phase. This resulted in particles with 
average diameters of 2.53 to 3.98 nm, as measured by TEM, and absorption 
edges in the region 600-800 nm. The size could be varied by controlling the 
concentration of hexanethiol used. Chen et al. 34 mixed an ethanol-water solu- 
tion of pyridinium di-n-hexadecyldithiophosphate and Na2S with an aqueous 
solution of lead acetate by in order to prepare dialkyldithiophosphate coated 
PbS nanoparticles. It was demonstrated that dialkyldithiophosphate coated 
PbS nanoparticles were more soluble in organic solvents than non-coated PbS 
particles. Buckner et al. 35, Chakraborty and Moulik36 and Ogawa et al. 37 
synthesised PbS nanoparticles by mixing a sodium dioctyl sulfosuccinate 
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(AOT) in heptane solution containing an aqueous lead acetate or Pb(N03)2 
or lead perchlorate solution with an AOT in heptane solution containing an 
aqueous Na2S solution. PbS particles capped with Pb(OH)2 and ZnS were 
prepared by Buckner et al. 35 by using the above method with either excess 
lead acetate or excess Na2S and Zn(NO3)2 respectively. An emission maxi- 
mum at 800 nm was observed in the luminescence spectra. Chakraborty and 
Moulik36 prepared PbS nanoparticles with an average size of 2-4 nm, as ob- 
tained from dynamic light scattering (DLS) measurements, and a band gap 
of 3-4 eV using this method and Pb(N03)2 as the lead source. PbS particles 
prepared by Ogawa et al. 37 using the above method, were deposited on gold 
substrates coated with a hexanedithiol self-assembled monolayer, by immers- 
ing the substrate in a heptane solution containing the aforementioned parti- 
cles. It was found that PbS particles were oxidised at 0.25 V vs a saturated 
calomel electrode and reduced at -1.1 V vs a saturated calomel electrode. 
Wang and Yang38 produced PbS particles in a poly(vinyl butyral) matrix by 
dip-coating a poly(vinyl butyral) film containing a Pb(AOT)2 complex on 
to a glass substrate and then exposing the film to H2S gas. Nanorods with 
average dimensions of 2.2 x 0.1 pm, as measured using TEM, and an ab- 
sorption edge at approximately 1.57 eV were observed by Wang and Yang38. 
Khiew et al. 39 mixed a solution containing 32 % nonionic surfactant (food 
grade sucrose fatty acid ester), 52 % 1-butanol in cyclohexane solution and 
16 % aqueous solution of lead nitrate with a similar solution containing Na2S 
instead of lead nitrate and prepared PbS nanoparticles with diameters be- 
tween 3 and 8 nm, as measured using TEM, and a band gap of 2.05 nm in a 
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biodegradable microemulsion medium. Wang et a1.40 added a sulfur-toluene 
solution to a solution of lead acetate, sodium lauryl sulfate and ethylenedi- 
amine and exposed the system to ultrasound irradiation in order to synthesise 
PbS particles in an ultrasound induced microemulsion. These particles were 
found to be in the range of 8-13 nm in size, as measured by TEM, and had 
a crystalline structure. Zhang et al. 41 prepared PbS nanoparticles capped 
with polyoxyethylene (9) dodecylether (C12E9) by adding a microemulsion 
containing a Na2S aqueous solution, cyclohexane and C12E9 drop wise to a 
similar microemulsion in which the Na2S aqueous solution was replaced with 
a lead nitrate aqueous solution. This resulted in crystalline particles with an 
average diameter of 20 nm, as measured by TEM, the outer 5 nm of which 
can be attributed to the capping agent and a band gap of 700 nm. A mixture 
of an aqueous lead nitrate solution, aqueous Na2S solution and a hexane so- 
lution of hexanol and sodium dodecyl sulfate was placed in an autoclave and 
heated to 120 °C for 12 hours by Xiang et a1.42. This resulted in polycrys- 
talline nanowires with average diameters between 20 and 40 nm, as measured 
by TEM, and lengths up to several micrometers. Changqi et a1.43 exposed 
a microemulsion consisting of an aqueous solution of lead acetate, CS2 in 
kerosene, octyl phenyl poly(ethylene oxide)-10, octyl phenyl poly(ethylene 
oxide)-4 and isopropanol to y radiation in order to produce nanocrystalline 
PbS nanoparticles with an average diameter of 5 nm, as measured using 
TEM, and an absorption band in the UV-Vis spectrum between 450 and 
250 nm. The microemulsion acted as a template for the particles and the 
mechanism of the formation of PbS was discussed by Changqi et al. 43 ac- 
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cording to the following unbalanced equations: 
H2O Z eq + H' + OH' + H2O2 
CS2 + eq -º S- + CS'- (6.8) 
e, q + S- -+ S2- 
Pb2+ + S2- -º PbS 
Electrodeposition Techniques 
Nanda et al. 44-46 prepared lead sulfide nanocrystalline films on a conducting 
tin oxide glass substrate by an electrodeposition technique. This method 
involved the cathodic electrodeposition of the particles on to a indium tin 
oxide glass electrode from a solution containing lead nitrate and Na2S2O3 
with a pH of 0.62. A current density of 2 mA / cm2 was used to prepare 
films of thickness 60 nm with a crystal size of 20 nm, as measured from AFM 
images, and a band gap of 2.63 eV. 
Photochemical Methods 
Ichimura et al. 47 exposed an aqueous solution of lead acetate and Na2S2O3 to 
the light' from a high pressure mercury arc-lamp by in order to produce PbS 
particles on the surface of a substrate immersed in the solution. The particle 
size was estimated to be 50 nm, as calculated from the X-ray diffraction peaks 
using the Debye-Scherrer equation, and films with a thickness of 1 µm, as 
measured using SEM, were deposited on a glass substrate. Ichimura et al. 47 
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explained the mechanism of this synthesis by the following equations: 
5203-+hv -º S+S03 
2+ S203 (6.9) 503' + by --º e- 
Pb2+ +S+ 2e -º PbS 
Preparation by Injection Of Hot Reagents 
Stable, monodisperse semiconductor particles have been prepared by a `hot 
injection' technique pioneered by Murray et al. 48 and discussed in section. 
5.1.1. Due to the quality of the particles produced by this method, it has been 
adapted by a number of people in order to prepare nanoparticles of differ- 
ent semiconductors. Peng et al. 49; 5o replaced the dimethyl cadmium used by 
Murray et al. 48 with cadmium acetate, CdCO3 or CdO as dimethylcadmium 
decomposes in hot TOPO. Murray et al-11 prepared PbSe nanocrystals over a 
range of sizes between 3.5 and 15 nm, as measured by TEM, by replacing the 
dimethyl cadmium used in their original method with lead oleate produced 
from the in-situ reaction of lead acetate with oleic acid, adding diphenyl 
ether to the TOPO solvent and reducing the temperature to 150 °C. The 
injection of sulfur in octadecene solution into a mixture of CdO, oleic acid 
and octadecene that had been heated to 300 °C and allowed to cool to 250 °C 
was used by Yu et al. 52i53 in order to synthesise oleic acid capped CdS par- 
ticles as an adapted version of the preparation reported by Murray et al. 48. 
Yu et al. 54 used PbO instead of CdO and TOPSe in place of the sulfur in 
octadecene solution in the previously mentioned synthesis in order to pre- 
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pare PbSe nanoparticles with average diameter 5.9 nm, as measured using 
TEM. PbS nanoparticles coated with an oleate ligand were synthesised by 
Hines and Scholes55; 56 by replacing the TOPSe used by Yu et al. 54 in order to 
produce PbSe particles with bis(trimethylsilyl)sulfide. These methods result 
in particles that are capped with a long chain molecule which would limit 
the electron transfer from a particle deposited on Ti02 coated tin oxide glass 
electrode to the electrode. The capping agent was exchanged from a TOPO 
or oleate ligand to a pyridine ligand by Murray et al. 48 and Yu et al. 52 by re- 
peatedly dissolving the as-prepared particles in pyridine at 80 °C. A decrease 
in particle size between the as-prepared particles and the pyridine exchanged 
particles was observed by Murray et al. 48 in the TEM images. An increase 
in electroluminscence intensity between PbS particles capped with oleate lig- 
ands and PbS capped with octylamine formed by the surface exchange of 
the oleate cap on the as-prepared particles with octyl amine was observed by 
Bakueva et al. 56 
This chapter will discuss the preparation of PbS nanoparticles using a 
method similar to the one outlined by Yu et al. 54 and subsequent surface 
exchange of the capping agent with pyridine according to the method used 
by Murray et al. 48. The characteristics and photoelectrochemical properties 
of the particles before and after exchange of the capping agent with pyridine 
are also discussed. 
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6.2 Preparation of Nanoparticles 
6.2.1 Particle Preparation 
0.26 g of sulfur was dissolved in 3 ml of tri-octylphosphine (TOP). 0.89 g 
of PbO and 16 ml of 1-octadecene were placed in a three-necked round- 
bottomed flask and the reaction system was assembled as illustrated in 
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Figure 6.1: Apparatus used in the preparation of lead sulfide nanoparticles. 
followed by the introduction of an argon atmosphere. This degassing was 
carried out twice. 2.7 ml of oleic acid was added to the round-bottomed flask 
under argon and the system was heated to 150 °C until the lead oxide had 
dissolved. The flask was removed from the heat and solution was vigorously 
stirred, while the sulfur in TOP solution was rapidly injected. The parti- 
cles were then grown at 120 °C. The reaction was quenched by adding the 
particles to cold chloroform after a set length of time from that of injection. 
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The lead sulfide particles were purified by the addition of methanol and sub- 
sequent centrifugation for 30 minutes at 8000 rpm. After the solvent was 
removed, the particles were redispersed in chloroform. The particles were 
prepared using growth times of 2.5,5,7.5 and 10 minutes. 
6.2.2 Pyridine Exchange 
15 mg of PbS nanoparticles prepared using a growth time of 5 minutes and 
2 ml of pyridine were placed in a round bottomed flask connected to a con- 
denser fitted with a switch between a vacuum pump and an argon line. The 
system was degassed under vacuum at room temperature for 50 minutes and 
then an argon atmosphere was introduced. The flask was heated to 70 °C 
overnight and then allowed to cool. 
6.2.3 Deposition on substrates 
Conducting tin oxide glass electrodes and Ti02 coated electrodes were heated 
to 140°C. Pyridine exchanged particles in pyridine or non-exchanged particles 
in chloroform were then dropped on the substrates. 
6.3 Characterisation 
6.3.1 UV-Vis Spectroscopy 
The UV-Visible absorption spectra of the lead sulfide particles prepared over 
a range of growth times is shown in Fig. 6.2. Table. 6.3 displays the estimated 
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Figure 6.2: UV-Vis Spectra of PbS nanoparticles grown for 2.5,5,7.5 and 10 
minutes. 
Type of Particles Absorption edge / nm Estimated Band Gap /eV 
2.5 minutes 737 1.68 
5 minutes 746 1.66 
7.5 minutes 754 1.64 
10 minutes 763 1.63 
Table 6.3: Estimated band gaps of PbS particles frown for 2.5,5,7.5 and 10 
minutes. 
the UV-Visible absorption spectra of pyridine exchanged and non-exchanged 
PbS particles that had been grown for 5 minutes. The estimated band gaps 
of the non-exchanged and pyridine exchanged versions of the PbS particles 
produced after a growth time of 5 minutes are indicated in Table. 6.4 
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Figure 6.3: UV-Vis Spectra of a) non-exchanged and b) pyridine exchanged PbS 
nanoparticles. 




non-exchanged PbS particles 700 1.77 
pyridine exchanged PbS particles 595 2.08 
Table 6.4: Estimated band gaps of non-exchanged and pyridine exchanged PbS 
particles grown for 5 minutes. 
6.3.2 Transmission Electron Microscopy 
Example TEM images of pyridine exchanged and non-exchanged lead sulfide 
nanoparticles grown for 5 minutes are shown in Fig. 6.4. The size distribu- 
tions of the particles, displayed in Fig. 6.5, were used to calculate the average 
particle sizes of pyridine exchanged and non-exchanged PbS particles from 
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Figure 6.4: TEM images of a) non-exchanged and h) pyridine exchanged PbS 
nanoparticles. 
Type of Particles Particle diameter / nin sample size 
non-exchanged PbS particles 12.3 f 1.3 149 
pyridine exchanged PbS particles 7.2 f 1.6 250 
Table 6.5: Average particle diameter of PbS nanoparticles grown for 5 minutes 
before and after pyridine exchange with the respective number of rneasurenrents 
used in the statistical analysis. 
Fig. 6.6 shows the energy dispersive x-ray analysis spectra of the particles 
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Figure 6.6: EDAX Spectra of a) non-exchanged and b) pyridine exchanged PbS 
nanoparticles. 
6.3.3 Scanning Electron Microscopy 
SEM images of pyridine exchanged and non-exchanged PbS nanoparticles on 
conducting tin oxide glass electrodes and Ti02 coated electrodes are shown in 
Fig. 6.7 a and b and Fig. 6.8 a and b. The dark areas in Fig. 6.7a represent an 
area coated with PbS particles while the light areas correspond to uncoated 
tin oxide. 
The exposed tin oxide is displayed inside the white oval in Fig. 6.8a. 
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Figure 6.7: SEM images of non-exchanged PbS nanoparticles on a) tin oxide glass 
Figure 6.8: SEM images of pyridine exchanged PbS nanoparticles on a) tin oxide 
glass electrode and b) Ti02 coated tin oxide glass electrode. 
6.3.4 Powder X-Ray Diffraction 
Fig. 6.9 displays the powder X-ray diffraction pattern of lead sulfide particles 
grown for 5 minutes. This shows no evidence of crystallinity in the particles. 
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electrode and h) Ti02 coated tin oxide glass electrode. 
I I 
20 /degrees 
Figure 6.9: Powder X-ray diffraction pattern of non-exchanged PbS particles that 
were grown for 5 minutes. 
6.4 Photoelectrochemistry 
6.4.1 Photo current-Potential Curves 
Current vs. potential curves of Ti02 coated electrodes sensitised with pyridine 
exchanged and non-exchanged PbS nanoparticles exposed to chopped light 

















-esa A. e -04 ,, . 0.2 0.0 02. , -0e " -00 . 01 . 02 00 02 
Ely EIV 
Figure 6.10: IN curves of a) non-exchanged and b) pyridine exchanged PbS 
nanoparticles on Ti02 coated tin oxide electrodes in a Na2SO3 electrolyte buffered 
at pH 12 exposed to light from a Xenon arc lamp chopped at 0.1 Hz. iph = 
photocurrent. 
From the peak heights of the photocurrent transients, defined as iph in 
Fig. 6.10, and the position of the peaks, it is possible to plot graphs of pho- 
tocurrent versus potential for non-exchanged PbS and pyridine-capped par- 
ticles as shown in Fig. 6.11. Fig. 6.11 clearly displays a peak at -0.6 V for 
both samples. Pyridine-capped PbS particles display enhanced photocurrent 
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Figure 6.11: The dependence of photocurrent, measured from the photocurrent 
transient peak heights in Fig. 6.10, on applied potential for a) non-exchanged and 
b) pyridine exchanged PbS nanoparticles on Ti02 coated tin oxide electrodes in 
a Na2SO3 electrolyte buffered at pH 12 exposed to light from a Xenon arc lamp 
chopped at 0.1 Hz. 
6.4.2 Photocurrent Spectroscopy 
A potential of -0.6 V vs. AgjAgC1I3 mol dm-1 KCl was used in the pho- 
tocurrent experiments due to the position of a maximum peak height of 
a phototransient in the current-potential curves. Fig. 6.12 shows the IPCE 
spectra of the pyridine exchanged and non-exchanged PbS nanoparticles de- 
posited on Ti02 coated electrodes. Band gaps of 2.03 eV (611 nm) and 
2.41 eV (515 nm) were observed for PbS particles and pyridine exchanged 










40450 600 550 600 550 700 
Wavelength I nm 
Figure 6.12: Photocurrent spectra of a) non-exchanged and b) pyridine exchanged 
PbS nanoparticles obtained at -0.6 V vs. AglAgC113 mol dm-3 KC1 and using 
monochromatic light chopped at 0.5 Hz. 
6.5 Discussion 
The UV-Vis spectra of the particle produced after growth times of 2.5 and 
10 minutes display a small decrease in the band gap from 1.68 eV to 1.63 eV. 
Due to the error in the baseline caused by light scattering from the parti- 
Iles, it is difficult to tell if the observed decrease in estimated band gap with 
increased time is due to an increase in the particle size or the errors in the 
estimation. It can be seen that there is a difference in the estimated band 
gaps of the particles grown for 5 minutes in Fig. 6.2 and the particles before 
the surface exchange with pyridine in Fig. 6.3. This could be due to slight 
differences in the concentrations of the materials used in the preparation, the 
temperature of the system, the rate of quenching of the sample, the exact 
growth time of the particles or a combination of the above. The observed 
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increase in band gap from 1.77 eV to 2.08 eV in the PbS particles before 
pyridine exchange and after pyridine exchange respectively indicates a de- 
crease in size upon surface exchange with pyridine corresponding to partial 
dissolution of the PbS particles in pyridine due to the higher solubility of 
PbS in pyridine. 
From the size distributions in Fig. 6.5, it is clear that the particles pro- 
duced by this method exhibit a high degree of monodispersity. A decrease in 
particle size from 12.3 ± 1.3 to 7.2 ± 1.6 nm was observed after exchanging 
the capping agent with pyridine. This is consistent with the result reported 
by Murray et. a14ß for exchanging the TOPO cap on CdSe particles with 
pyridine. The presence of both Pb and S in the particles is confirmed in the 
EDAX spectra in Fig. 6.6. 
Photocurrent is not seen for lead sulfide particles on tin oxide electrodes as 
the particles deposit in patches on the tin oxide surface, as shown in Figs. 6.7a 
and 6.8a, resulting in not enough particles being present in order to measure 
a photocurrent response. As the particles are not chemically bonded to the 
surface of the electrode and the particles are soluble in the solvent used in the 
solution, when another drop of the particles in solution comes in to contact 
with the electrodes, the particles on the electrode redissolve and the particles 
reform in patches on the surface of the electrode as the solvent evaporates. It 
should be noted that washing the electrodes with water does not remove the 
particles as the particles are not soluble in water. Figs. 6.7b and 6.8b display 
the pores in the Ti02 film are nearly all filled with PbS particles. 
From the I-V curves shown in Fig. 6.10 and the dependence of photocur- 
161 
rent on applied potential displayed in Fig. 6.11, it is clear that, compared to 
the non-exchanged PbS particles, the pyridine capped PbS particles exhibit 
enhanced photocurrent. This is probably due to the pyridine-capped par- 
ticles either being closer to the Ti02 surface than the non-exchanged PbS 
particles, which are capped with an oleate group, or the pyridine on the 
surface of the particles shift the conduction band of the PbS to higher en- 
ergies and therefore electron transfer to the Ti02 is more favourable for the 
pyridine-capped particles in both cases. The suppression of photocurrent at 
potentials greater than -0.2 V is likely due to the depletion of charge car- 
riers in the tin oxide electrode to such a point that the Fermi level of tin 
oxide is lower than that of the counter electrode reducing current flow. The 
photocurrent spectra shown in Fig. 6.12 displays band gaps of 2.03 eV and 
2.41 eV for the PbS particles before and after surface exchange with pyridine 
respectively and an IPCE for these particles on Ti02 of less than 1 %. A 
low efficiency could be observed if one or more of the electron loss process, 
such as recombination of the electron and hole formed in the nanoparticle 
from exposure to light (k,. ) or back electron transfer from the Ti02 substrate 
into a surface state of the nanoparticle (k83) or the hole in the valence band 
of the nanoparticle (kh) or to regenerate the electrolyte after it scavenges 
the hole from the nanoparticle (kej) occurs at a similar or greater rate than 
the rate of electron transfer from the conduction band of the nanoparticle to 
the tin oxide electrode across the Ti02 film. These processes are displayed 
schematically in Fig. 6.13. The effective mass model of quantum confinement 




Figure 6.13: Schematic of electron transfer processes involved in the photocurrent 
experiment. 
gaps according to equation. 1.11. The effective masses of holes and electrons 
in PbS were both calculated to be 0.0851. The bulk band gap of PbS of 0.41 
eV I and a high frequency dielectric constant of 17.21 were used in order to 
calculate the particle size from band gaps found using photocurrent spec- 
troscopy. This resulted in the calculated particle sizes of the PbS particles 
before and after pyridine exchange to be 4.8 and 4.3 nm respectively. There 
is a significant difference between the calculated and measured particle sizes. 
This may occur if the particles are not crystalline or spherical or the unit 
cell structure and dimensions in both the particles and the bulk crystalline 




PbS particles have been prepared by a similar technique to that used by 
Yu et al. 54 to produce PbSe. Exchange of the capping agent with pyridine 
was found to decrease the particle size. Photocurrent was observed for these 
particles on Ti02 coated electrodes. As less than 1% IPCE was observed, 
alternative methods of surface exchange and deposition of PbS particles on 
to a surface may be required in order to see if PbS particles are a possible 
replacement for the dye in dye sensitised solar cells. 
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The preparation of several different semiconductor nanoparticles have been 
carried out and the suitability of these particles for use as sensitisers in solar 
cells have been discussed. A summary of the results obtained in this thesis 
is outlined below and several avenues of further research are discussed. 
Tin oxide electrodes coated with Bi2S3 nanoparticles were prepared in situ 
using an arrested precipitation method. It was found that the size of the par- 
titles could be controlled by the concentration of 3-mercaptopropionic acid 
used. However, the band gap of the particles was determined to be difficult 
to tune by changing the size of the particles and hence it was concluded that 
Bi2S3 nanoparticles were not ideal for sensitisation of Ti02 in solar cells. 
A general method of preparing metal sulfide nanoparticles, proposed by 
Joo et al. I, was used to synthesise cadmium sulfide, ruthenium sulfide and 
copper sulfide nanoparticles. No photocurrent was observed for tin oxide 
electrodes coated with these particles. As there was visual evidence of suc- 
cessful deposition of cadmium sulfide and ruthenium sulfide nanoparticles 
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and it is known that electrons from the conduction band of CdS inject into 
tin oxide, it was concluded that the lack of photocurrent in these samples was 
most likely due to the long chain length of oleylamine, which is assumed to 
coat the surface of the particles, blocking the electron transfer. Substitution 
of the oleylamine capping agent with a smaller stabiliser, such as pyridine, 
may result in an observable photocurrent. The particles produced by this 
method in this thesis are not ideal sensitisers for a solar cell as their band 
gaps are too large. From the experimental details of the oleylamine method, 
it is clear that the only means of controlling the size of the particles is via 
the ratio of the heavy metal source to sulfur and that the size and shape of 
the particles can not be easily predicted from this ratio. Hence, although 
the oleylamine method can be used to prepare many different metal sulfide 
particles, it may not be the ideal process to use to prepare sensitisers for 
solar cells. 
CdSe nanoparticles were prepared from the reaction of cadmium perchlo- 
rate and bis(trimethylsilyl)selenide and deposited on tin oxide electrodes. A 
decrease in size with an increase in reaction time was observed and was con- 
cluded to be due to the decomposition of quickly formed CdSe particles in 
solution. It is clear from this and the low levels of photocurrent observed 
from electrodes coated with these particles, that this method is not suitable 
for preparing semiconductor nanoparticles. 
A `hot injection' technique, similar to that used by Yu et al. 2 to produce 
PbSe, was used in order to prepare monodisperse PbS nanoparticles. The 
oleic acid coating on the surface of the particles was exchanged with pyridine, 
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resulting in pyridine coated particles. A decrease in size was observed upon 
pyridine exchange, due to the higher solubility of PbS in pyridine. Non- 
exchanged and pyridine exchanged particles were drop coated on to Ti02 
coated tin oxide electrodes. The pyridine exchanged particles exhibited an 
enhanced photocurrent compared to the non-exchanged particles, most likely 
due to pyridine being smaller than oleic acid and therefore electron transfer 
from PbS to the Ti02 is easier for the pyridine coated particles. As the size of 
the particles can be controlled by the reaction time, with particle diameters 
of up to 36 nm being expected to yield quantum confined properties, and the 
prepared particles have an average diameter of 12.3 ± 1.3 nm and a band gap 
of 1.77 eV, it is clear that PbS nanoparticles are potentially ideal for use as a 
sensitiser in solar cells. However, less than 1% IPCE was observed for PbS 
particles deposited on Ti02 coated tin oxide electrodes, indicating that either 
the rates of the electron transfer processes in the photocurrent experiment 
are not ideal for efficient electron transfer from the particles to the Ti02 or 
insufficient PbS particles are being deposited. Hence, alternative methods of 
surface exchange and deposition of PbS particles on to a surface should be 
investigated. The use of different electrolytes should also be studied in order 
to maximise the rate at which the hole in the valence band of the nanoparticle 
is scavenged and therefore reducing the chance of the electron loss processes 
occurring. 
The arrested precipitation and `hot injection' techniques could be used 
to prepare Sb2S3, Bi2Se3, FeS2, FeSe2 and Cr2S3, which may result in ideal 
semiconductor nanoparticles for the sensitisation of solar cells. 
172 
References 
[1] Joo, J.; Na, H. B.; Yu, T.; Yu, J. H.; Kim, Y. W.; Wu, F. X.; Zhang, 
J. Z.; Hyeon, T. J. Am. Chem. Soc. 2003,125(36), 11100-11105. 
[2] Yu, W. W.; Falkner, J. C.; Shih, B. S. Colvin, V. L. Chem. Mater. 2004, 
16,3318. 
173 
Uýdlil 'i TY 
GC SR STC: L 
CH TRY 
